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FOREWORD
The main task af the Working Group on Hydrological Forecasting re-estabIished by the WMO Commission for Hydrology at its third sessian (Geneva, 1968)
was to prepare a technical report on hydrological forecasting practices.

The Commissian felt that this tapic deserved a mare detailed treatment than
could be given in the WMO Guide to Hydrological Practices, and that it would be
useful to systematize and present in one volume the main results from the

exte~sive

but frogmen ted bady of knowledge contained in the numerous material on hydrological
forecasting pvblished earlier by WMO, in books and professional journ"ls, and
presented at various

~onferences

and symposia all OYer the world.

The only comprehensive books on hydrological forecosting published hitherto
have been written by specialists in the U.S.S.R. The present report drows very
heavily on these publications and especially on the book l'Osnovy Gidrologicheskikh
PrognozQv" by Professor E" G. Popov.
The members of the working group were Dr. A. I. Afanasiev, chairman

(U.SoS.R.), Mr. D. N. Body (Australia), Mr. J. Hladny (Czechoslovakia),
Mr. T. J. Nordenson (U.S.A.), Mr. L. S~rro (France), Dr. D. J. E. Sohuurmans
(Netherlands) and Mr. Horihara Ayyor (India).

Dr.

A~

The present report has been prepared by the chairman of the group,
I. Afanasiev, on the basis of the preliminary draft prepared by Professor

E. G. Popav (U.S.S.R.), chairman of the previous Working Group on Hydralagical
Forecasting, and material assembled by the late Dr. P. I. Miljukov (U.S.S.R.).
After discussion of the report by the members of the working group, the
draft was edited by Mr. T. J. Nordenson with the p,rticipation of the Woter
Resources Branch of the Department of Environment, Canada.

It is hoped thot the puolicatian will prove to be useful to hydrological
forecasting services and individuals developing methods and techniques of hydrological forecasting.

It is with great pleasure thot I express the gratitude of WMO to
Dr. A. I. Afanasiev and to the other members of the Working Group on Hydralogical
Forecasting for the time and effort they ~ave devoted to the preparation of this
publication.

~
. .
.
D. A. Davies
Secretary-General

SUMMARY

The report attempts to summarize and present in a concise form the basic
principles of, and approaches to, hydrological forecasting. To achieve a more or
less comprehensive coverage and to reduce the necessity of referring a reader with
little previous exposure to the subject to other sources, the authors have included
some introductory material which, from the point of view of forecasting practices
may seem less important; this applies in particular to the first three chapters.

In the first chapter an attempt is made to place hydrological forecasting
in the broader perspective of hydrology on the one hand and water resources on the
other. In the second chapter some methodological preliminaries are outlined to
help the reader to understand fully the later parts of the report. For instance,
the term hydrological forecasting may have different interpretations and it was
considered important to define its meaning in the present context J i.e. to emphasize
that here it means a prediction of the occurrence of a hydrological event specified both with respect to its quantitative measure and its actual time of occurrence
(how ~~ch and when) as opposed to a statistical predictio~ (how much and how
often).
The third chapter deals with the data base needed for hydrological forecasting. It tries to convey t.he importance of the lI raw material" on which a
forecast is based, and of the mechanism needed to ensure that the raW material will
not only be available but be available in time. For time represents perhaps the
most important single element in the forecasting exercise: a late forecast is no
better than no forecast at all.
Chapters 4 to 9 form the core of the report.
important specific types of hydrological forecasts.

They deal with the most

Most attention is devoted to flood forecasting Slnce it is in this area
where a forecast can bring the potentially greatest benefit, i.e. save human lives.
The topic is treated in three separate chapters. Chapter 4 covers the forecasting
of rainfall~induced floods from the amount and distribution of rainfall, Chapter 5
is concerned with predicting a flood (both the flood stage and discharge) in a
lower river reach from the flood date in an upstream river reach, while Chapter 6
is concerned with snowmelt floods end with the prediction of the general river flow
increase caused by snowmelt.
Chapter 7 discusses the possibilities of predictirlg water supply within
longer periods of time, typically the runoff total during the snowmelt period,
during the growing season, or during a particular month.
Chapter 8 deals with the forecast of low flows in rivers, i.e. of the rate
at which the water supplies of a basin vanish during periods when there is no water
input into the basin.

x
Chapter 9 is concerned with the possibilities of predicting the ice
phenomena on rivers and reservoirs t mainly the dates of freeze-up and ice break-up
which are important for river navigation in the temperate and arctic zone.
Finally the report concludes with a short chapter on evaluation of the
effectiveness of forecasting methods and of the degree of success of operational
hydrological forecasts.
For the benefit of those who wish to obtain more extensive information on
the entire range of subjects touched upon here, a selective bibliography of current
literature is added.

RESUME
Le present rapport tente d1exposer sous une forme concise les principes fondamentaux et les methodes d'approche de 10 prevision hydrologique. Pour donner un
aper9u plus au mains complet et detaille de 10 question et faire en sorte que Ie profane n'ait pas besoin de consulter d'autres sources, les auteurs presentent en guise
d'introduction, dans les trois premiers chapitres, une documentation qui, du point de
vue de 10 prevision hydrologique proprement dite, pevt sembler mains essentielle.
Le premier chapitre essaie de placer 10 prevision hydrologique dans 10 perspective plus VQste de l'hydrologie, d'une part, et des res sources en eou t d'autre
part. Le deuxieme chapitre contient quelques remarques methodologiques preliminoires
qui doivent oider Ie lecteur a bien comprendre les parties suivontes du rapport. Par
exemple l comme l'expression t'prevision hydrologique" peut @tre interpretee de differentas fo~onsl on 0 juge important de definlr sa signification dans Ie present contexte en precisant qulil s'agit ici de la prevision de l'occurrence d'un phenomene
hydrologique bien determine tont du point de vue quantitatif que du point de vue dB
l'heure reelle a laquelle il se manifeste (com bien et quand) par opposition a une prevision statistique (cambien et a quelle frequence).
Le troisieme chapitre traite des donnees qui sont necessaires pour pouvair
etoblir une prevision hydrologique. II souligne l'importonce des donnees brutes qui
servant & pre parer une prevision et du mecanisme dont il faut disposer pour que ces
donnees soient non seulement disponibles l mais disponibles ~ temps. En effet l Ie
temps constitue peut~etre l l element singulier Ie plus important dans 10 prevision;
una prevision tardive ne vout guere mieux que l'absence de prevision~
Les chapitres 4 ~ 9 nous font penetrer ou coeur du sujet.
princi.poux types doe previsio-n-s hydr-ologiques.

lIs traitent des

Une grande attention est occordee a 10 prevlsion des crues, car clest dons
ce domaine qu1une prevision peut offrir les plus grands avantoges, c'est-a-dire sauver des vies humaines. La question fait l'objet de trois charitres distincts. Le
chopitre 4 est consacre a 10 prevision des crues provoquees par les precipitations l a
partir des hauteurs de pluie mesurees et de 10 distribution de 10 pluie; Ie chapitr~ 5 a trait a 10 prevision d1une crue (niveau et debit)
dans un tron~on du cours
inferieur d'une riviere, a partir des donnees de crue relevees dans un tron~on du
cours superieur de 10 meme riviere; Ie chapitre 6 concerne les crues dues a 10 fante
de 10 neige et 10 prevision de l'augmentotion generale de l'ecoulement provoquee par
10 fonte de 10 neige.
Le chapitre 7 examine comment il est possible de prevoir les quantites d'eau
dlsponibles ou cours de plus longues periodes l plus particulierement l'ecQulement
total durant 10 Fonte de 10 neige, pendant 10 periode de croissance des vegetaux ou
au cours dlun mois donne.

XII
Le chopitre 8 traite de 10 preVlSlon des debits de basses eoux, c'est-a-dire
de 10 vitesse de tarrissement des eaux d'un bassin durant les periodes au il n'y a pas
d'apport d1eau.
Le chapitre 9 decrit les possibilites de prevoir les phenomenes lies a 10 presence de glaces sur les cours dleau et les reservoirs, principalement les dates de
l'emb8cle et de 10 debacle qui sont importont€s pour 10 navigation fluviale dans les
regions temperees et arctiques.
Enfin! Ie rapport se termine par un court chapitre sur llevaluation de l'effiCaCIT.e des methodes de prevision et du degre de reussite des previsions hydrologiques
operationnelles.
Pour les lecteurs qui desirent obtenir de plus amples renseignements sur l'en~
semble des sujets traites dans ce rapport! les auteurs ont ajoute une bibliographie
qui offre un choix d'ouvrages actuels en 10 matiere.
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RESUMEN
E1 presente informe trate de resumir y presenter en forma concise los principias fundamentales y los diferentes enfoques de 10 prediccion hidrologica. Con objeto de abarcar e1 tame de forma m6s 0 menos general, y a fin de evj,tar en 10 posible
10 necesidad de referir 01 lector a los escasos trabajos anteriores sabre asta materia que pueden encontrarse en otras fuentes, los Qutares han incluido algunos taxtos
introductorios que t desde e1 punta de vista de las practices de prediccion, pueden parecer menos interesantes. Esto afacta en particular a los tres primaros capitulos.
En a1 primaro de elIas se trate de sltuer a 10 prediccion hidrologica en 10
perspectivQ mas emplio de 10 hidrologio , por una parte, y de los recursas hidricas,
par otra. En el segundo capitulo se exponen algunos preliminares metodo16gicos para
ayudar al lector a comprender plenamente los Gltimas partes del informe. Por ejemplo,
el t~rmino predicci6n hidro16gica puede tener diferentes interpretaciones, por 10 que
se estim6 que era import ante definir su significado en e1 presente contexto, as e1ecir,
subrayar que en este in forme 58 trata de una predicci6n de la aparici6n de un fenomenos hidro16gico especificado tanto con respecto a su medida cuantitativa como 01 momenta real de su aparici611 (en qu~ cantidad y cu6nda), en contrapasici6n a una prediccion estadistica (en qu~ cantidad y con qu~ frecuencia).

E1 -tercer capitulo trata de los datos que se necesitan para 10 predicci6n
hidro16gica y subraya la importancia de los I'datos originales l ! en los que se fUllda
una predicci6n y del mecanismo necesorio para garantizar que los datos originales no
solamerlte estar6n disponibles sino que 10 estar6n a su debido tiempo, ya que el tiempo representa quiz6s e1 factor individlJa1 m6s importonte en las tareas de predieeion:
una predicci6n tardIo no es en ningGn coso major que 10 inexistencio depredieci6n a1guna.
Los -Capliulos 40 9 constituyen 10 parte central del informe.
tipos especIficos m6s importantes de prediccianes hidrologicas.

Trotan de los

Se dedico gran ctencion a 10 prediccion de crecidas, yo que es en este sector en e1 que una prediccion puede producir eventualmente los mayores beneFicias, par
ejempla salvGr numerases vidas humanas. El tema se estudia en tres capitulos se-pora·dos. El Capitulo 4 sa refiere a 10 prediccion de crecidas producidas por las lluvias
o partir de 10 contided y distribucion de 10 precipitacion, trotanto e1 CapItulo 5 de
10 predicci6n de una crecida (tanto de su nivel camo de su caudal) en un troma inferior de un rio a partir de los datos sabre la crecida en un tramo superior del mismo
rio. En e1 Capitulo 6 se estudian las crecidas originadas por Ie fusi6n de 10 nieve
y 10 prediccion del Qumenta general del caudal de los rios originados por la fusion
de 10 nieve.
En el Capitulo 7 se examinon las posibilidades de predecir el suministro de
agua para periodos de tiempo m6s largos, especificomente 10 escorrentia totul durante
el perlodo de fusi6n de 10 nieve, durnnte 10 estaci6n de crecimiento 0 durante un mes
determinado.

XVI

deci~

£1 Capitulo 8 58 refiera Q 10 prediccioll de caudales de estiaje en rIcs, es
e1 ritmo 01 que e1 suministro de agua de una cuenca desaporece durante los pe-

rlados en los que no entra ague en

10 cuenca.

£1 Capitulo 9 trate de las posibilidades de predeelr los fenomenos relacionados con e1 hielo en rics y embalses, princj.palmente las fechos de congelaci6n y de
ruptura de los hielos que son de importancia para 10 navegaci6n fluvial en 10 zona
templada y 6rtica.
Finalmente e1 informe termino con un breve capitulo sabre 10 evaluoci6n de

10 eficacia de los metodos de prediccion y del grado de ex ito de las predicciones hidro16gicas operativQs.

Para quienes deseen obtener mas empiie informacion sabre todos los temas
tratodos en el in forme, Se incluye uno bibliografiQ select iva de los trabajos actuales.

C HAP T E R

1

INTRODUCTION
Water is one of the most important substances not only for man, but for
very existence of life on this planet.

the

Apart from its purely biological significance, water has played and continues
to play an important role in the development of the social and economic structure of
man's life: it serves as a means of transport, a motive force, .0 source of food, and
finally as a substance without which not a single branch of modern industry could
function.
The present extensive use of water for electric power generation, navigation
irrigation, industrial and domestic water supply, recreation, its role in-the fishing
industry and its importance in environmental protection have stimvlated the develop~
ment of a special branch of science - hydrology. In the broad sense hydrology encompasses the systematized knowledge of the hydrologic cycle, the laws governing the
existence of rivers, lakes, seas and oceans and their replenishment from atmospheric
precipitation and groundwater in various conditions of climate, relief, vegetation,
and soil cover.

Hydrology is called upon to solve many practical problems arising in connexion
with the development of society and its economic activities. One of the most important aspects of the hydrologist's practical work is hydrological forecasting.
The Domplexity of hydrological phenomena and the difficulty of obtaining accurate and detailed hydrolo9_icaland _m_ete_oIologic_al -obs-ervati-ons0ver the vast C1r-eo-s o-f
drainage basins are two of the principal reasons why the science of hydrology has developed only recently. It is for the same two reasons that hydrological phenomena cannot yet be predicted with great accuracy.
A hydrological forecast is not an exact prognosis; it inevitably contai~s an
element of uncertainty which is usually quantified in terms of methematical probability. Nevertheless, contemporary hydrology can forecast the values and dates of
occurren~e of many elements of the hydrological regimes of rivers, lakes, and reservoirs with a specific degree of accuracy; consequently, hydrological forecasts have
become an indispensable factor in economic development. For this reason, the developing countries are eager to learn of the experience acquired in different parts of
the world in developing hydrological forecasting methods and their applications. In
the developed countries there is also a demand for hydrological forecasts for ensuring
more rational runoff regulation and more efficient management of water power, inland
navigation, irrigation and water supply. Each of the obove-mentioned branches of the
economy has its own special needs for hydrological forecasts. The~e forecasts are
also of great importance in flood protection since floods cause immense damage by
the devastation of towns and villages, destruction of buildings, crops and livestock,

- 2 and loss of human life. Early warnings about high water levels make it possible to
take measures to strengthen embankments,~ prQtect bridges, evacuate the population
and their property from the flood oreo.
For river navigation it is i~portant ~o know in advance when periods of low
water levels will occur and the depth of water in the sections near the critical
navigation depths. It is also extremely valuable to have forecasts of ice formation
and break-up in order t~ make the optimum use of the ice-fre~ period. Such forecasts
are important in those areas, in particular in Canada, the U.S.A., and the U.S.S.R.,
where rivers, lakes and reservoirs aTe ice-cover~d ·for long pe·riods. It should be
pointed Qut, however, that the harnessing of rivers by water engineering structures
alters their regimes and that the periods of ice cover are longer on the newly.
created reservoirs. This means that ice forecasts are of growing importance ev~n in
regions with mild winters and generally temperate climate such as, for instance,
central Europe.
In arid regions where agriculture depends to a great extent on the availability of water for irrigation, hydrological forecasting has been used as an aid to
rational planning of acreages to b~ irrigated and to the operation of ir~igation
systems.
Electric power generation in thermal or hydro-power plants is of extreme importance to all branches of industry. The load of thermal plants and fuel deliveries
to them will vary according to the amount of the available hydro-power. Thus forecasts of streamflow rates affect not only the hydro-power production but are oiso
important for the operation of thermal plants, namely for the planning of fuel deliveries, cooling water demands, and for environmental protection against their waste
products.
The examples given above are, of course, for from exhausting all the cases
in which hydrological forecasts are indispensable for the effective writer resources
planning and management.
There exists an enormous number of publications on the various aspects of
hydrological forecasting, ranging from its theoretical principles to operational
techniques and extending to its peripheral areas and interfaces with other disciplines of hydrology, meteorology, water reSQurces, and hydraulic engineering. In
the present volume, the authors have drawn freely from this abundant source but
found it difficult to acknowledge in the text all the individual authors whose ideas
and concepts have been adopted in this volume: their number was so great that by so
doing the text would become cluttered with names and the reader distracted. Only in
situations where the author's name has become so closely identified with a concept
that it serves as an acronym for the concept itself has it been included.

C HAP T E R
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METHODOLOGICAL PRELIMINARIES
2.1

Definition,

physi~al

basis, and tools of hydrological forecasts

Hydrological forecasts OTB the prior estimates of future states of hydrological phenomena, based on a knowledge of their underlying physical laws and the modifying effe~ts of specific geographical conditions. Every hydrological forecast should
be related to a definite period, by which' is meant the interval of time between the
date on which the forecast was made and the date of the occurrence or termination of
the phenomenon forecast. The prior estimation of a specific value of a phenomenon
at a specific time in the future (real-time prognosis) distinguishes hydrological
forecasts from statistical predictions in which only the probability or frequency of
possible values of r~gime elements is estimated.
In spite of the fact that hydrological processes, like other natural phenomena, are subject to the general laws of physics which are fairly well understood,
the high variability and heterogeneity of geographical conditions make exact quantitative formulations of hydrologic relationships difficult and they often dictate
the acceptance of approximate solutions which take into account only few of the
determining factors.
Strictly speaking, a forecasting method represents the general approach to
the solution of a problem based on the physical properties of the underlying processes of the phenomenon in question. Examples are: the kinematic-wave method of
flood rovieing in river c-hannels; the water-balance method for the calculation of
runoff volume; the heat-balance method for the calculation of snowmelt. As opposed
to the fore;:a.sting _meth.od, _0 foreca.sti-ng techni-flue mea-AS -onycomputing €levi-c-e-(-a
formula or graph) worked out for a given catchment area, lake or river section, inc~
eluding the recommended methods of data processing for the technique used. Forecasting techniques include both strict analytical solutions of problems and crude
approximate methods of calculation such as empirically established relations.
Because the existing methods of hydrological forecasting aTe approximate,
each technique should include not only a set of computational methods but also
methods (physical and or statistical) for assessing its accuracy and for cal':u!ati/lg
the probability distribution of errors.
2.2

Classification of hydrological forecasts
Hydrological forecasts have four main characteristics:
(a)

The forecast period (forewarning period, lead time);

(b)

The phenomenon or regime element being forecast (forecast variable);

- 4 (c)

The computational methods used;

(d)

The purpose of the forecast.

Each of these characteristics can be used as a broad criterion. for forecast
classification. Within each class a more detail~d specification is possible.

Class (0) According to the forewarning period, hydrological forecasts may
be divided into:
(i)

Long-term;

(ii)

Short-term;

(iii)

Danger warnings (alerts),

Short-term forecasts aTe generally taken to be forecasts for a period not
exceeding 10-15 days. The period of long-term hydrological forecasts may be several
months. Danger warnings include estimate of possible damages and their lead time
must be long enough so that preventive action can be taken.

Class (b) According to the forecast variable, all hydrological forecasts
are divided into:

(i)

Forecasts of water regime elements (wate~ forecasts);

(ii)

Forecasts of ice regime elements (ice forecasts).

The water regime elements of greatest importance are:
- the flow rate (instantaneous or average) for different periods
of time (flood duration, five to ten days, month, season, etc.)
- the maximum water stage and discharge of floods and their time
of occurrence
- the time distribution of the flood
the maximum water level of lakes and reservoirs and the time
of its occurrence
the depth of water in navigable rivers
- the "height of wind waves on lakes and reservoirs.
The main ice regime elements are:
- the dates of the appearance of floating ice
- the dates of freeze-up

- 5 - ice thickness
the dates of ice break-up
- the dates of the disappearance of ice from lakes and reservoirs.

Class (c)

Forecasting methods in current use can be divided into four

main groups:

(i)

Methods derived from the lows governing the movement of
water in river channels. These include hydrodynamic
methods and all approximate means of flood routeing of the
river channels, which form the basis of short-term fore-

casts of discharges and stages.

These methods employ

observations of stages and discharges as the basic data;

(ii)

Methods derived from the analysis of hydrological and
meteorological processes involving whole basins. These
include water-balance methods of water-supply forecasting
and use meteorological and hydrological observations as

the data base;
(iii)

Methods derived from the analysis of the heat-transfer
processes in rivers, lakes and reservoirs as well as the
heat-transfer between water and the atmosphere which forms
the basis of short-term forecasts of ice formation and

break-up.

These methods rely chiefly on temperature and

radiation measurements;
(Iv)

Methods derived from the analysis of atmospheric circulation which controls the territorial distribution of ice
phenomena as well as spatial and time distribution of
precipitation. Methods of this kind are used, for example,
in long-term ice forecasts and are closely linked with
synoptic meteorology. Meteorological observations and
weather charts serve as their data base.

Class (d) With regord to their purpose, hydrological forecasts can be
divided into:
(i)

General purpose forecastsi

(ii)

Specialized forecasts for different categories of users.

To the first group belong forecasts of general interest, such as
forecasts of the maximum flood stage. Specialized forecasts take account
of the specific requirements of hydroelectric power production, inland navigation, irrigation, etc.

- 6 2.3

The interrelations of hydrological and weather forecasts

Changes in the state of rivers and lakes ore related to weather changes
occurring over the catchment area. In general, the changes in hydrological processes
aTe smoother and log behind those in the underlying meteorological factors. This is
due to storage effects and the relatively low velocities of water moving over land
surface, in river networks and through the soil. The relatively slow res-panse of
hydrological processes to the changes in meteorological processes is what_makes it
possible to estimate certain elements of hydrological events for longer or shorter
periods in advance without taking into account future changes in the weather. However/ to forecast the development in time of such phenomena as ice formation, freezeup, the formation of wind waves, etc., the knowledge of future weather conditions is
essential.

According to the extent to which they can be calculated in advance, all the
basic factors determining runoff and other hydrological processes can be divided
into initial factors, which determine the conditions existing at the time of the
forecast and can be evaluated from current hydrometeorological observations, and
future factors, whose effects on the development of the forecast variable will be
felt only after the forecast has been made. To the latter class belong future meteorological conditions, which can only be allowed for if a weather forecast is
available.
Contemporary meteorology does not yet possess sufficiently accurate methods
for quantitative long-term weather forecasting. Hence the practical usefulness of
hydrological forecasting depends on how much the future weather conditions affect
the forecast variables and how rapidly they change with time. These two factors
control the difficulty of long-term hydrological forecasting and the extent and
accuracy of quantitative meteorological forecasts necessary for reliable hydrological forecasts.
The following are among the meteorological forecasts in great demand for
hydrological forecasting. Short-term forecasts of precipitation, wind speed and
direction and the height of the DOC isotherm in mountains; medium~term forecasts
of maximum and minimum air temperature; and long-term forecasts of precipitation
and air temperatures.
Future weather conditions and their variability are not, however, the only
factors on which the practical usefulness of hydralogical forecasting depends. The
length of the forewarning period and forecast accuracy olsa depend on the reliability and completeness of the hydrametearological data, the size of the drainage
basins, the time lag in the response of forecast variables to changes in the formative processes, and the rapidity with which current data are callected and
processed.
2.4

Proctical approaches

By and large, there are two practical ways of expressing the forecast variables as a function of their determining factors and these are as follows:

-, ~

Empirical relationships reflect the overall form of a causative relation
among variables as revealed in their pa~t observations. Empirical relationships
can thus be expressed either as direct relations between the forecast variable and
its causative factors, or as general patterns of the forecast variable changes,

resulting from the interplay of the permanently acting factors.
An example of an empirical relationship of the first type is shown in Figure 2.4.1.
This relationship may be used for forecasting the average discharge of
a river six months in advance. As can be seen from the diagram, the relationship
does not provide a very high forecast accuracy since, in the first place, the measurements of winter precipitation at some parts of the catchment do not indicate the
actual water equivalents of the snowpack and, secondly, the spring and summer

depend not only on the quantity of snow accumulated in the catchment during

ru~off

the

winter, but also on additional precipitation falling in the spring and summer period,

the variation of which is not taken into account in the relationship shown.

At the

same time, the diagram does show that the decisive factor in the spring and summer
runoff of the river in question is the quantity of snow lying on the ground as of

1 April.
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- 8 An example of a relationship of the second type is an average unit hydrograph
showing the distribution of the travel time of water in a drainage basin, or the
average distribution of flow in a mountain river during the spring-summer period ~s
a function of the elevation distribution of the catchment area.
Empirical relationships can be developed in two ways: either by plotting
gro?hs and noting the regularities ~hey reveal or by the analytical methods of regression ona}-ysis. The latter enable t-he solution of problems involving large numbers of
variables (multiple regression), but they become rather complicated if nonlinear
relationships are involved. If only a measure of the oegree of interrelation between
two variables is desired, correlation analysis is employed. The_ most common type of
such measure is the correlation cDefficient (for linear relationships) or the cprrelation index (for nonlinear relationships).
An empirical relationship obtained by the graphical method .may be expressed
in an analytical form by fitting the empirical curve with a mathemati~al function.
Such functions or formulae are usually also referred to a~ empirical as opposed to
theoretical· ones derived from the physical laws underlying the relationship concerned.
However, even in theoretical formulae the parameters often have to be determined by
empirical methods, i.e., derived from empirical relationships between past observations.
Models
Hydrological events are the result of an interplay qf physical processes.
However, the complexity of hydrological processes, due to the great variety in the
characteristics of drainage basins and in the combinations of meteorological phenomena with which they are associ.ated, makes .it impossible to _reproduce them exactly.
This makes it necessary·to construct simplified models of hydrological processes,
particularly models applicable in hydrologicol forecasting.
The great attention which is paid at the present time to the problem of models
in various scientific discipli~es ~as led to'o number of attempts to define and classify models. Many of these definitions~ however, reflect the specific features of the
discipline within which the definition was first formvlated. In principle, a model,
as a means of scientific investigation, is a generalized image of a physical
(material) system which reflects or reproduces the system in such a way that, as a
result, new information is provided and a more detailed knowledge of the system and
its quantitative properties is acquired.
.
It follows from this definition that a model is not the same thing as a theory. A model must incorporate the key conceptions and hypotheses which, depending on
the objective, enable us either to develop a theory, or to apply a known theory to
obtain a solution of some specific problem or an interpretation of experimental data.
The term r!model" has taken on a variety of meanings. It is now used in connexion with classical rainfall-runoff .relationships, routeing procedures, etc., as
well as for techniques which simulate the response of a catchment (continuous hydrograph) to precipitatian and other related meteorological factors. Such catchment
models are not treated in this report.
gories:

In general, hydrological models con be divided into the following three cotephysicol (scale) models, analogue models, and mathematical models.

- 9 ~~ysic£l_m£d~l~ aTe little used for forecasting purposes for the reason,
mentioned above, that the exact reproduction of hydrological processes is impossible
and the results of experiments under laboratory or field conditions are affected by
additional factors not taken into account or not accurately reproduced in the model.

Attempts to use such models have nevertheless been made in the U.S.A.!
Czechoslovakia, and Hungary. They have essentially consisted in constructing a
scale model of a drainage basin and then comparing the rainfall-runoff relations
for the model with those for the real droinage basin.
Here mention should be made of the investigations on experimental and representative basins carried Qut in many countries under the IHD programme. Such experiments provide a mass of valuable data which are essential for the understanding of
hydrological processes. However, it has not yet proved possible to solve the problem
of using the data obtained on small basins for devising methods for runoff forecasting from larger catchments which is of main interest from the practical point
of view.
~n£l£g~e_m£d~l~ are

mostly based on the analogy between the movement of water
and electric current or the flow of water in a system of vessels. There is,
for example, an analogy between the equation for electric current:

in~reams

dV ou t
RC

dt

= V.1n - Vout

(2.4.1)

and the simplified equation for the unsteady flow of water ln a stream section:
T

dO
dt

=

(2.4.2)

1-0

t

- t.ime

R

- resistance

I

Inflow to the reach

C

- capacity

o

outflow from the reach

V.

- input voltage

d

derivative

1n

vout -

T

Storage delay time*

output voltage

Electronic devices based on this analogy are widely used for forecasting the transformation of flood waves (flood routeing).

*

The parameter T as well as the product RC has the dimension of time. It is often
called "travel-time'!, taking into account the time of travel of equal water
discharges (in contrast to the "travel-time" of typical phases of floods, such
as the peak, lowest level, etc.).

- 10 -

~a!h£m~ti~£l_m£d~l~ aTe the most widely used at the present time.
This is
due to their high flexibility, ability to handle (with the aid of computers) large
quantities of data and describe complex systems, economy and operational advantages

like easy transferability, complete control over all model elements, easy modification, etc. For purposes of hydrological forecasting four main categories of mathe~
matical models are used. The categories are not mutu~lly exclusive. The model type
used depends on the forecast rToblemJ for example, the part of the hydrological process to be forecasted. As a rule, the models result in a forecast of the hydrograph
at a certain critical point of a basin and usually involve a combination of three
functions:

(0)

The production function (transformation of rainfall into runoff
volume);

(b)

Distribution function of the runoff volume in time governing the shape

of the hydrograph and the lag of the basin;
(c)

The channel routeing function, transforming the elemental hydrographs
in different channel reaches into the hydrographs for a downstream
point where forecasts are required.

Either two of the above functions or all three of them may be lumped together.

(i)

Multi~le

correlation models - These relatively classical procedures yield
normally the volume (or some other outstanding characteristic, e~g. peak) of
runoff and are based on simplified hydrological balance equatiqns, in which
some of the elements are replaced by indexes either measured or computed.
Typical of this category is the Antecedent Precipitation Index co-axial cor-

relation model developed and used by the U.S. National Weather Service. The
models of the EDF (Electrical Company of France) hydrological forecasting
service, although quite different in their computational approach, aTe based
on the same principle of multiple correlation.

(ii)

System approach (also called "lumped parameter lt or "black box'l) models - While
the unit hydrograph, time-area curves or linear reservoirs concepts,
often in their more sophisticated system analysis version, are the basic
exampl~s of this approach, they are necessarily supplemented with some production function (infiltration of runoff coeff~cient) concepts or indexes.
These models are often used in combination with others, as they really represent the actual t'distribution function l ' ,

(iii)

QyQami~~ls£-~distributedparameter~') models _ Based on the solution of the

equations for unsteady motion of the water both for overland and channel
flow, either in their pure hydraulic form or simplified "hydrological " form.
The "kinematic wavet! or other unsteady flow (wave) description by simplified
differential equations, mostly solved by numerical methods represents examples of this type of model. This model can also be used only in conjunction
with a production function, being themselves rather a !'routeing!! or in some
cases "distribution" function.

- 11 (iv)

Conceptual catchment models or simulation of the basin behaviour - base9 on
a more or less complete description of water movement in the basin (both in
time and space! on its surface and through its sub-surface) accounting for
water storage and movement in discrete but relatively short time intervals.
The moisture accounting in these models may be either by indexes, implicit,

or explicit.
Model.

The best known model of this type is the Stanford Watershed

This type of model is most often an all comprehensive one and can

incorporate all the concepts of the models indicated under (b) and (c)
above.

The proliferation of models and their increased importance for hydrological
f~recasting

has led WMO to initiate a project on intercomparison of conceptual

models used in operational hydrological forecasting. A report on ~he results of
this praject is in preparation and will be available by the end of 1975.

*
*

*
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SOURCES, COLLECTION AND TRANSMISSION OF DATA
3.1

Observatians in the hydrological ond meteorological stotion network
Most of the dota required for hydrological forecasting are collected from

networks of hydrological and meteorological stations. In a number of countries,
these networks are controlled or co-ordinated by a single administrative centre. In

other countries, meteorological and hydrological services (and consequently the
station networks) are operated independently. In the latter case, it is the agency
issuing hydrological forecasts who is responsible for indicating the required type
of observations, data processing and transmission. As a result, meteorological
stations in a number of countries not only make standard meteorological observations
but also measure various elements important in hydrological forecasts in temperate
and cold zones, such as snow cover.
.

It is important for hydrological forecasting services that all observational

data have comparable accuracy and that the network density be such that reliable
averaging throughout the territory is ensured.

Times of observations should also be

co-ordinated in order that observotional data be available at the right time for the
compilation of forecasts. (All these and other problems are discussed in detoil in
the WMO Guide to Hydrological Proctices.)
In developing a forecasting methodology with a view to obtaining a more
comprehensive picture of the nature of various regime elements, use is sometimes
made of observation-al data from ex_perimental or .re_pre_s_e_nt_ativs ba-sinsalt-hough,es
hos been mentioned in Chapter 2, the direct extropolatian of such data to actual
basins of large dimensions is a difficult matter.

3.2

Dota required for hydrological forecosts
All the dato required for the development of a forecasting technique as well

as for the compilation of forecasts can be divided into the following two categories:
(a)

Data measured directly at stations;

(b)

Characteristics calculated on the basis of observational data (mean precipitation, snow storage, snowmelt).

The following are among the most important phenomena that are measured
directly: precipitation, 'snow cover, hydrometric variables (river stage t river crosssections, flow velocitY)t water temperature, air temperature, cloud cover, radiation,
air humidity, wind speed and direction.

- 14 -

Apart from the above listed meteorological ond hydrological data, additional
data are frequently needed for some specialized hydrological forecasts, for instance:

3.3

(a)

Hydrographic data, i.eo information on the river system, it~ density,
the geometry of valleys and alluvial plains, the marshiness of river
basins and the morphometric characteristics of rivers and other water
bodiesj

(b)

Data on plant and tree cover, the distribution of forests and their
naturej

(c)

Data on relief and soils, such as the slope of the terrain, the extent
of cUltivated areas, the distrib~tion of soils in basins, their mechanica~ c~mposition and water properties, the distribution of area by
altitude, etc.j

(d)

Geological and hydrogeological data, such as the. types of rocks, the
distribution of groundwater, its depth, etcoj

(e)

Data on hydraul{c engineering structures and the,ir operationj.

(f)

Data on·commercial use of wa~er bodies and the hydrological services
required in this.connexionj

(g)

Data on dangerous water stages or .discharges.

Data network

The various data required for forecastingc.an .be transmitted rapidly, even
OVer the longest distances, by modern means of communication, namely, telegraph,"
telephone and radio. The data base can. thus be easily kept up to date and, displayed
on charts, it shows .not only the current statu"s of river con.ditions at a given ,po'int,
but also the dynamics of their changes.
The rapid collection of data is extremely. important for an efficient fore~
casting service. Therefore the operational work is based on data from the 'smallest
possible number of observation stations.
The following constitutes the .basis for the selection of the station network:
(a)

Present and future woter regime;

(b)

Size of the system and its special.features;

(c}

Representativeness of observations;

(d)

Available communicotions.

As an example of applicotion.of these generol c.iteria, the opproach of the
Nationol Weather Service .in the United States may be cited, as reported by Kohler
in the Casebook on H)o<Irological Network De's ign Practices (WMO. publication No. 324).

- 15 Here the main abjective was to design a precipitation station for hydrological forecasting, such that the standard error of average storm rainfall over a catchment be

about 15 per cent.

Out of the many factors that influence the standard error the

following three were selected as design criteria:

drainage area above the headwater

forecast point, thunderstorm frequency (which reflects the spatial variability of
convective-type precipitation) and mean annual runoff. These three variables plus
the number of stations! were interrelated in a nomograph constructed for the above

given value of the standard error.

This nomograph was then used for finding the

required number of precipitation reporting stations. They were distributed more or
less uniformly over the basin unless there were strong reasons to the contrary, such
as, for instance, a significantly greater value of the forecast in one part of the

basin than in another part.

3.4

Data collection
There cre two types of data reports:

regular and occasional.

Regular reports include daily, five-day and ten-day information on preClpltation, river stages, water temperature, ice phenomena and ice thickness f snow cover

and other data reported systematically throughout the year or on a seasonal basis.
Criteria for the frequency of reports are established according to the irregularity
of the water regime and the need for particular data for providing the information
required by forecast users.
Occasional reports include data on extraordinary events and sudden changes
in the water reglme, as well as data requested to clarify certain aspects of various
phenomena or to satisfy specific requests.
During the period when abrupt changes in the water reglme are expected as,
for example, during the snowmelt and rain flood season f arrangements are made for
the submission of data more ..,frequently than once Q day fro_m individ.ual stations -or
posts. The frequency of, and submission times fox, the data reports are laid down
in the instructions for each station or, if necessary, are communicated by telegram

or telephone.
In addition to the regular schedule for data reports submission, each station
receives instructions how to transmit urgent reports in emergency situations. This
is extremely important for the issuing of advance warnings (alerts).
Hydrological forecasting services will in the near future be able to use
remote sensing techniques to improve the data reporting networks. Although the use
of these techniques for hydrological purposes is still in the experimental and developmental stage l progress has been fast, and it seems that techniques like visual
and infra-red photography, microwave radiometry, measurement of natural gamma radiation will soon be ready for operational use. A considerable improvement in data
collection and transmission will also be achieved by the rapidly expanding use in
hydrology of satellite communication technology and automation of surface measuring
systems.

- 16 The WWW (World Weather Wotch) communicotion system which has been developed
and is now operational will also be very helpful in the collection of data.
In addition, the WWW programme contains recommendations on the transmission
of certain types of processed data and analyses to hydrological forecasting services

(see Table 3.4.1).
Apart from the information provided by World Meteorological Centres (WMCs)
and Regional Meteorological Centres (RMCs) as shown in Table 3.4.1, it is intended
that RMCs will distribute the following types of meteorological forecasts which are
of interest to hydrological forecasting services:
Freguency

Forecast

Precipitation - for a period of up to 72 hours

12 hours

Maximum and minimum air temperature for a

period of up to 72 hours

24 hours

Elevation of zero isotherm

12 hours

Temperature and precipitation (amount or

anomaly) for five to ten days

3 times a week

For a month

Twice a month

"
"

"

- 17 TABLE 3.4.1
Types of analysis for hydrological forecasting services
(after World Weather Watch)

Analysis·

Frequency

Hydrological application

Satellite nephanalysis

24 hourly

Precipitation distri~
but ion and storm warnings

Extent of snow and ice cover

24 hourly

Runoff forecasting/
storage

Mean height charts for various

5, 10 and
30 days

Long-range ice
forecasting

6-hour accumulative

6 hourly

Runoff forecasting

24-hour accumulative

24 hourly

Runoff forecosting

Elevation of OOC isotherm

6 hourly

Runoff forecasting/

World Meteorological Centres (WMCs)

pressure levels for 5, 10 and
30 days
Regional Meteorological Centres (RMCs)
Areal precipitation -

storage

Radar composites

6 hourly

Storm and flood warning

Special phenomena

3 hourly

Storm and flood warning

(thunderstorms)

3.5

Data transmission codes

To save transmission time and simplify the transmission process, the data
containing messages are sent by observation stations in coded form l the sub-units
of the forecasting service are assigned abbreviated cable addresses, and statiQn
names are replaced by index numbers.

18 -

Codes consist of special numerals which are widely used for the transmission
of hydrometeorological observations and also for the telegraphic exchange of forecasts. A well-constructed code can be us~d to trdnsmit a large volume of data in a
short numerical text.
The main requirements which should be satisfied by a code for"the transmission of data or forecasts are as follows:

(0)

To make the transmission possible in a text of minimum length;

(b)

To contain a reliable indicator of the transmitted data content;

(c)

To permit the transmission of information regardless of the data
volume;

(d)

To contain an indicator of the place and time of observations;

(e)

To ensure that the message cannot be decoded incorrectly if some
information is missing, i.e. to contain-a reliable identification of
each type of data contained in the message;

(f)

To offer

a possibility of detecting any errors or distortions which

may have occurred during transmission.
The figures contained in numerically coded telegrams are usually divided
into groups of five numbers. Each such group is equivalent to one word. For this
reason, codes ore almost always constructed in such a way that the text consis~s of
complete words only.

On the initiative of WMO, a code system called the International Hydrological Codes(IHC) has been approved and its implementation is expected to commence

in 1975.

It specifies two different codes, one labelled HYDRA used for reporting

of hydrological observations from a hydrological observing station,

the

other

labelled HYFOR used specifically for the transmission of hydrological forecasts. The
HYDRA code consists of six sections: code name; day and hour of observation; station
identification; hydrological data relating to stage; to discharge; to precipitation
and~ snow cover; to air and water temperature;
and to ice on a river, lake _or
re-servoir. The HYFOR code consists of four sections-: code name; station identification; stage forecasts; discharge forecasts; and forecasts of ice phenomen.a-.

Each of the last three sections also include specifications of the time periods or
"dates for which the forecasts ore valid.
An important part of the IHC is an international system of identification
numbers for hydrological stations which is important for the transmission of data
from multinational basins. The proposed ~tation identification number h~s the form

- 19 where

A

Number of the WMO region where the station is situated;

C.

Indicator of the country where the station is situated;

l

BB - International basin indicator which defines the location within the
region A of the basin where the station is situated;

ihihi

h

- National identification number af the station identifying it within the
basin BB.

For reports intended solely for use within a single nation, the first part of
the identification number (OOOAC.) may be omitted.
l

3.6

Verification of data transmission

Messages containing hydrological data received from stations by units of the
hydrological forecasting service are decoded and entered in special tabulations. It

is important that the accuracy of the data received should be checked when it is
decoded and recorded.
The duties of each unit as regards the initial processing and verification
of data ore often specified in special instructions.
The first thing to be done in decoding messages is to ensure that no omissions
have been made owing to faulty transmission. This is done by comparing the number of
words contained with the number indicated. Distortions of the text are revealed by
checking the control numbers specified by the code.

In order to check the information more carefully, variations of stages or
dischar-ge-s -are -plotted -for all stations along t-he given river. These plots immediately indicate any inconsistencies in the pattern of stages or discharges at
adjoining posts and reveal any errors. Graphs of water level relationships are at
times also utilized to check data consistency.

C HAP T E R

4

FORECASTING OF RAINFALL-INDUCED FLOODS
4.1

Introduction
The forecasting of rainfall-induced floods is one of the most complex problems

of hydrology.

Apart from the difficulties of giving a generolly correct account of

the physical processes involved in runoff formation, great difficulties are also en-

countered in developing practical methods of flood forecasting. The difficulties are
largely connected with the great irregularity of the processes involved and with the
scarcity of data which does not allow these irregularities to be taken into account.
,

f

Two basic approaches are used in this type of forecasting.

One concentrates

merely on the forecasting of runoff volume (or depth) resulting from a particular
rainfall, by deriving direct relations between the volumes of catchment input and
output, established for certain ranges of catchment conditions. This approach makes
use of the so called rainfall-runoff relations. The second approach is concerned

both with the runoff volume and its distribution in time.

It takes account of the

time distribution of catchment input and, using -a mathematical representation of the
response of the system, transfers this input into streamflow output. The technique
used is commonly referred to as hydrograph analysis.
The following physical factors characterize the three elements involved.

(a)

The input:

amount (and time distribution) of precipitation over the

catchment area;

(b)

The system: the conditions of the catchment are described by the quantity (and time distribution) of water absorbed in the soil, detained in
surface depressions and lost by evaporation;

(c)

The output:
catchment.

the amount (and time distribution) of runoff from the

The quality of the runoff forecast depends on the quality of information on
precipitation and the catchment conditions. The following is important to note in
this connexion. The main difficulty with precipitation is the irregularity of its
areal distribution over the drainage area; on the othe, hand precipitation is the
only element participating in runoff formation that can be measured directly. The
main problem with the variables describing the system (catchment) is the fact that
they cannot be directly measured and must be estimated from meteorological and hydrological data.

- 21 4.2

Runoff

Runoff is the water collected from a drainage" basin in surface streams and
carried Qut of the basin. It is a result of an interaction of heterogeneous and
irregular processes of precipitation, interception, infiltration and evapotranspiration, the main factors being the quantity and intensity of precipitation and the
absorptive characteristics of the river basin. Runoff is further influenced by the
relief and micro-relief of the catchment, and by the number and dimensions of lakes,
swamps, or artificial ponds.

Runoff forecasting is in fact mainly concerned with the final phase of runoff,
the streamflow, mainly with its time distribution referred to as streamflow (or
runoff) hydrograph. The single most important phase of streamflow itself is then a
flood, or a flood wave, a period of high flows (or stages) usually characterized by
a bell-shaped time distribution, the flood hydrograph, with a steep rise, rather
sharp crest, and milder recession. The shape of the fload hydrograph depends on the
size and shape of the drainage basin, its relief, the morphometric characteristics

of the rivers and floodplains, and on the temporal and spatial distribution of
precipitation.

4.3

Rainfall
Precipitation observations obtained from raingauges or rain recorders are

used to determine the quantity of water falling on the catchment. Accuracy depends
on the density of station netwark of and on the uniformity of precipitation throughout the catchment.
The quantity of water produced by a particular rainfall is usually represented by the mean rainfall depth which is the thickness of water layer that the
rainfall would produce if it were uniformly distributed over the whole catchment
arec.

The choice of methods for determining the mean depth or rainfall depends on
the number and distribution of gauging stations in the catchment area, and on the

areal distribution of rainfall.
The weighted mean (polygon) and arithmetic mean methods give satisfactory
results when estimating precipitation over long periods such as months, seasons, or
years. When used for calculating the mean precipitation for shorter periods (for
example, a single rainfall) they may lead to serious errors, especially if the areal
rainfall distribution is irregular.

Theoretically preferable is the isohyetal method which takes into account
the irregular distribution of rainfall throughout the catchment area and the effects
of relief. However, the drawing of isohyets requires a
of stations.

sufficiently dense network

For flood hydrograph forecasting it is necessary to trace the space-cnd-time
development of a rainfall. On small catchments, where the areal distribution of
rainfall is more or less uniform, the average rainfall depth is calculated for each

- 22 of a number of -consecutive intervals into which the total rainfall duration has bee-n
subdivided} the partial d.epth-s aTe converted into intensities the result being a
hyetograph of the particular rainfall. On large catchments, where irregularities in
the areal liistribution are great, hyetugraphs are compiled for individual stations
and intensities aTe mapped on catchment charts for a sequence of time points thus
providing ·0 complete picture of the rainfall dynamics.

4.4.
soil.

Infiltration of water into the soil and surface detention
Infiltration is defined as the flow of water from the soil surface into the
This flow is controlled by gravity and characterized by its infiltration rate.

Infiltration is the principal factor in the transformation of rainfall into
runoff; it is a complicated process, a satisfactory theory of which has not yet
been developed. The primary soUrces of our knowledge of the infiltration process
are the experiments with artificial rainfall on small experimental plots. These
experiments have shown that, with a constant intensity of rainfall, the infiltration
process has three choracteristic phoses. In the initial phase, the infiltration
rate is equal to the rainfall intensity and all the water falling on the surface af
the ground is used up in moistening the soil particles and in filling large noncapillary cavities. The length of this phase varies with the type of soil and its
initial moisture and with the intensity of the rain. The second phase is mainly
characterized by a more or less sharp decrease of the infiltration rate because
the cavities in the upper soil layer have been filled with water. Finally, the third
phase is c_haracterized bya relatively constant infiltration rate equal to the rate
of percolation, which is the rate of flow of water within the soil.
Artificial r~infall experiments show that temporal variations in the infiltration rate are closely linked with rainfall intensity and initial soil moisture.
The more in-tens-e the rain, the soon-er and the more rapid is the fall in the infiltration rate (Fieure 4.4.1). A similar pattern is observed with different initial soil
moisture: the moister the upper 5011 layer, the smaller the initial absorption of
water and the sooner the infiltration rate begins to fall (Figure 4.4.2).
The infiltration pattern described above is not charact~ristic for all soils.
Forest podzol soils with a very loose upper horizon covered with forest litter and a
compact, relatively impermeable, lower horizon, 'have a different infiltration pattern.
The permeability of the u.pper horizon of such soils is so great that with practically
any natural rainfall intensity, all the water reaching the ground is fully absorbed
until complete saturation is reached.
Variations in the infiltration rate in certain dusty soils are often largely
due to their tendency to "clogging" whereby under the action of the water and droplet
impact, the soil granules are broken down _and dustlike particles accumulate in the
larger cavities. Such .clogging of the soil is one of the causes of its permeability
decrease from o-ne rain shower to anotne-r. It occurs most markedly il'1 structureles-s
-soils from which the soil cover has been removed.
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Much research has been devoted to the problem. of infiltration. There is a
large number of theoretical works attempting to find a mathematical expression for

the infiltration rate based on the laws of the movement of liquids in porous media,
as well as a number of empirical formulae based on experiments with artificial rain-

fall plats.
Of the theoretical formulae, the simplest is probably one by Alekseev, worked
out for the problem of deep infiltration to groundwater:
f

- k
i -

ro;-5l<R

+"V _

t

DU
s

(4.4.1)

where t (h) is the time from the start of rainfall, f i (mm/h) is the infiltration
rate at time t, k (mm/h) is the filtratian coefficient, H (mm) is the maximum capillary rise of soil water, and DU (mm) is the soil moisture deficiency.
s

According to this formula,
the infiltration rate is a function of time and
depends on the initial wetness and properties of the soil itself, i.e., the maximum

capillary rise and the filtration coefficient.
The formula

is based on the assumption that the surface of the soil is

covered by a certain depth of water and does not take account of rainfall intensity.

A number of empirical formulae of the following type have been proposed:
f.

~

=

k + at

-b

(4.4.2)

where a and b aTe experimental coefficients depending on the nature of the soil, its
initial wetness, rainfall intensity, and certain other factors.

The general weakness of this type of empirical formula is that it fails to
take account of rainfall intensity and that, in practice, the values of the caefficients for actual drainage basins can only be estimated so that where the precipitation is inaccurately known the coefficients found by ·this method are unreliable.
Empirical formulae of exponential type were proposed by Horton and they may
be accepted even from a theoretical stand-point if it is assumed that changes in the
infiltration rate are proportional to the rate itself and depend on the intensity of
precipitation. Precisely on the basis of this assumption, and on the assumption
that the initial infiltration rate is the same as the rainfall intensity, Popov has
developed a formula which, with constant intensity of precipitation, has the following farm:
-Po t/DU

f.

~

•

(P.-k)e
~

~

s

+

k

where P. (mm) is the intensity of rainfall, (other symbols as before).
1

(4.4.3)

- 25 These formulae usually include a definite expression for rainfall intensity

and for soil moisture deficiency.

According to its physical properties, the latter

should referta some particular soil surface layer whose saturation stabilizes the

infiltration rate. The depth of this layer varies with different types of soil. The
formula makes it possible to determine (in the first approximation) the time during
which the infiltration rote is equol to the rainfall intensity, i.e., the duration of
the phase of total absorption of precipitation, t , and consequently the quantity of
water initially absorbed, P •
0
k
a
DU stn(l-p.)
t

o

l

=

(4.4.4)

P.
l

whence

P

o

=

P.t
l

0

=

k

(4.4.5)

DU s In(l-p.)
l

The last expression shows that the initial absorption of precipitation
and the soil moisture deficiency are interconnected. The relation may be determined
for different soils by artificial rainfall on experimental plots.
Where the rainfall intensity is irregular the formula for the infiltration
rate has the form

-a(P_P )
f.
J,.

=

(P.

_ k)e

0

+

k

10

(4.4.6)

where Pio (mm/h) is the rainfall intensity at the end of the phase of total absorption of precipitation, P (mm) is the depth of precipitation which has fallen up to
the moment t f and a is a parameter characterizing the soil moisture deficiency.
Figure 4.4.3 shows the variations in the infiltration rate calculated from

equa-

tion 4.4.6. In this diagram, the overall depth of infiltration is equal to the
shaded area of the graph. By calculating the total infiltration at different moments
of time, it is easy to construct the integral (mass) infiltration curve.
The formula given above for the infiltration rate is accurate for homogeneous
soils and for precipitation which is evenly distributed over a given area. However,
these conditions do not hold for river basins. The only practical possibility to
allow for the uneven areal distribution of rainfall is to calculate the infiltration
for small areas where the rainfall differences. are insignificant and to find the
overall infiltration losses and the depth Qf runoff for the whole catchment as
weighted averages.
The values of the parameters used in the formula and their dependence on the
initial soil wetness (i,e. before the beginning of precipitation) should be determined experimentally for different types of soil. Since few such experiments have
been carried Qut, the practical application of the formula is limited.
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The data to be found from a number of sources concerning the filtration

coefficient k suggest that its value varies widely with different types of soil. It
i~ 6.0 to 15.0 mm/h for looms, as low as 3.0 for heavy clay soils, and may amount
to 60-180 rnm/h for loamy sand and sand. Less research has been done on the relation
between the initial absorption of precipitation P and antecedent wetting of the
soil. In one instance it was found (for chestnutOsoils) to amount to 2-4 mm for

initially high soil moisture, and to 8-25 mm for the soil initially dry.
Surface detention
Surface detention is defined as that part of the rain which remoins on the
ground surface during rain and either runs off, or infiltrates after the rain ends,
not including the depression stage. The quantity of precipitation detained in the
tree and grass cover (interception) during a single rain shower is relatively small
and in any case does not exceed a few millirnetres.
The storage capacity of an individual depression, expressed in mm oyer the

whole catchment area is given by the product:
(4.4.7)
where

~

is the area of the depression expressed as a fraction of the whole catchment
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area, and s is the depth of water when the depression is full which for brevity's
sake may be called the "filling depth". After saturation is reached the value of s
is equal to the depth of precipitation, and when infiltration takes place, it is the
excess of precipitation depth over that of infiltration, s = P - f. The depression
area <P is a function of the filling depth s and may thus be written as <P (s).
Function ~(s) can be regarded as a continuous function defined for any

s ? 0 and the whole catchment area can thus be thought of as consisting of depressions with filling depth zero or greater. Since runoff from a given crea can start
only after the depressions have been filled up, the above concept explains why runoff
does not start simultaneously in the whole catchment and why the effective (runoffproducing) oreo increases with the increase of rainfall.

For a given rain~all

depth P, the effective area is given as
P

(p)

=

fa

<P

(4.4.8)

(s) ds

and the 'corresponding surface detention storage
p

S(p)

=Jb

,s
[ax <pes) ds

=

S

max

where s

max

(4.4.9)

s <pes) du

The limiting values of <p and

<P max

lS

s
=[ax s

<P

S

ore respectively,

=

1

(4.4.10)

(4.4.11)

(s) ds

is the maximum filling depth of the catchment.

The effects of surface detention ore greatest in basins with a flat relief,
and diminish as the slopes become steeper. The tilling of the ground disrupts the
natural microrelief and it may be employed to increase the total depression storage
capacity of a basin. Methods like contour ploughing and cross drainage have long
been used in erosion control for reducing the surface runoff.

4.5

Rainfall-runoff relations
Mathematical formulation of the runoff-forecast problem

-------------------------------------------------------

Provided that rainfall is uniformly distributed over the catchment and the
surface is impervious, runoff is equal to the difference between rainfall and surface
detention. With the use of the mathematical developments of the preceding section,
runoff can then be expressed as
p
P
Q

=

1

P

<P

(s)

ds

1

s

<P

(s)

ds

(4.5.1)

and the total surface detention as
p

P
5

tot

=1

'" (s) ds

s

of

pel - j'l'(s) ds)

o

(4.5.2)

o

Since there are no factual data about the distribution of the effective area
in real bosins mathematical relationshi~s used in runoff forecasting are constructed
j

by integrating equation (4.5.1) for different types of distributions containing the
maximum surface detention storage S
as a basic parameter. The physical conception
of this parameter is clear and it i~aXdetermined to a known degree of approxim?tion
from the ordinary empirical relation between the volume of runoff and the volume of
rainfall on the catchment area. Starting from an exponential or hyperbolic distribution, the following equations are obtained, respectively,

L
5

Q

=

P - 5

Q

=

P - 5max tanh

max

(1 - e

max)

(4.5.3)

and
P

(4.5.4)

Smax

Formulae (4.5.3) and (4.5.4) are valid under conditions of no infiltration. In a
real catchment area, with an infiltration depth f, these equations take the form:

P-f
Q

=

P- f

-

5

Q

=

P

-

-

5

max

(1 -e

5

max )

(4.5.5)

and
f

max

tanh

P-f
Smax

(4.5.6)

Equations (4.5.5) and (4.5.6) are presented in the form of graphs in Figure 4.5.1.
They can be regarded as examples of water balance models.
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Figure 4.5.1 - General form of relationship
between runoff, rainfall, and infiltration

In practice direct calculation of runoff by the water-balance method encounters
great, and often insuperable, difficulties owing to the shortage or lack of the ~eces
sary data. The relative inaccuracy of rainfall datal their irregular distribution in
space and time! and the lack of reliable data on the water absorption in the soil and
its areal di~tribution in river basins, often makes it impossible to determine the
parameters of the formula for the direct calculation of infiltration and surface
detention. For this reason, approximate correlations between flood volumes or maximum
flow rates and the quantity of precipitation and char_a.cteri.sticar_e_alabs_Grptive indices have been adopted for each individual sub-basin in the practical forecasting of
runoff. Even here/ however/ a theoretical analysis of the possible forms of correlation and the role of individual runoff factors dre of considerable importance. There
are advantages in trying to understand the theory behind the empirical correlations
as one is able to consider how the absorptive capacity is distributed in each individual catchment area/ in addition to other peculiarities of the basins.
It is difficult to determine objectively soil wetness. Due to the lock of
direct observational data on soil wetness, it is generally estimated by means ~f
approximate methods from data on antecedent precipitation and evapotranspiration,
the level of groundwater or the antecedent discharge of water into the river itself.
The general form of this type of correlation is shown in Figure 4.5.2. Each curve
in this diagram corresponds to a different value of an antecedent soil moisture index,
the curve shape is determined by the distribution of absorptive capacity of the
catchment. This method is applicable in practice if the infiltration rate can be
approximately calculated.
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Figure 4.5.2 - General form of relationship
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A second possible method consists in constructing a system of functional
relations as shown in Figure 4.5.3. The rainfall depth and duration, the antecedent
soil moisture index and the time of the year are used as independent variables. The
introduction of the time of year into the calculation takes account, to some extent,
of evaporation differences and the state of the vegetal cover. Such graphical representations of rainfall-runoff relations are convenient for practical calculations;
but it must be borne in mind that, by its very nature, a graphical multiple correlation method is liable to be influenced by subjective factors.
The indirect characteristics of basin wetness
Lack of the required information makes it difficult to estimate the degree of
soil moisture either by direct measurements or from the water balance equation. For
this reason, when determining empirical correlations between rainfall-induced runoff
and precipitation, indirect indices of catchment wetness are usually employed.
The moisture content of the upper soil layer during a rainless period
larly decreases with time and depends on the air temperature:
=

(U
o

- U) e

-kt

+ U

regu~

(4.5.7)

where U is the residual soil moisture in mm, U the initial soil moisture in mm,
U the limiting soil moisture in mm (just above ~he wilting point), k is a coefficient
depending on the air temperature and the nature of the soil, and t is time.
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1

where

p
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calculations at daily intervals (t

= 1),

a simpler express-

(4.5.8)

a

and tile other symbols have the same significance as before.

The coefficient
following table:

P is

given as a function of the air temperature in the

5

10

15

20

0.99

0.99

0.98

0.97

Mean da.ily air temperature (DC)

Precipitation changes the soil moisture by the amount of the precipitation if
there is no surface runoff, or by the amount of precipitation minus runoff.
Formula (4.5.8) can be used for the calculation of soil moisture from day to
Where observations of soil moisture are made, the initial value is taken from
the measurement data. The quantity of moisture on subsequent days is calculated by
multiplying the quantity an the previous day by the coefficient p and adding to the
result the intervening precipitation. If no direct observations of soil moisture
are made, even this highly approximate method of calculation is impossible.

day.

For this reason, wide use is made in hydrological forecasting of an indirect
method of estimating the degree of wetting in a catchment area, based on the use of
precipitation data over a sufficiently long preceding period. The method consists
in calculating the so-coIled antecedent precipitation index defined as
U ;

(4.5.9)

0lPl + a 2P 2+ •.. +anP n

where PI' P2' .", P n are the amounts of precipitation falling on the first,
second, etc. days before the day for which the index is being calculated; 0 , O , ... ,
1 2
a are coefficients depending on the physical and geographical characteristlcs of
t~e basin and on the time. For a-ir temperatures greater than lODe, Befoni and
Kalinin recommended the use of th~ formula:
30
60
4
9
14
0.7 L P. + 0.5 L P. +0.3 LP.+ 0.2 L P. +0.1 LP.
i=2 1
i;lO 1
i;31 1
id5 1
i=5 1

(4.5.10)

With air temperature between 5°e bnd 100e, the authors recommend that the
precipitation should be taken for periods twice as long as those indicated in formula

(4.5.10)

P., instead of
1

P. ,
1

P.,
instead of
1

9
L

h5

P., etc.
1
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A widely used formula is that proposed by Kahler and Linsley in which the
coefficients 01' °21 etc., are taken as being a function of time, at = kt , so that
the antecedent precipitation index is given recurrently as
u

=

n

(4.5.11)

ku n- 1

where k is a coefficient whose value may vary in different regions between 0.85 and
0.95 but which is usually taken as 0.9. If there is precipitation during the relevant twenty-four hours, it is added to the calculated value of the index.

The antecedent precipitation index is often calculated from the data of
particular meteorological stations and then averaged for the whole catchment area.

This enables the data to be plotted on a chart, showing the distribution of wetting
over the area and making it possible to estimate the representativeness of individual
stations.
Initial precipitation losses are an important factor characterizing the
absorptive ca~acity of a drainage basin. The determination of the relation between
initial precipitation losses and the antecedent precipitation index makes it possible
to calculate the infiltration I if only as a rough approximation using the formulae
given above.

4.6

Flood hydrograph

Inflow into the river network

When studying runoff control in drainage basins and for calculating flood
hydrographs l it is necessary to know the variations of the inflow of water into the
river network. To plot the inflow curve over time by direct calculation from precipitation data is complicated and often impossible owing to the absence of the necessary data. It is therefore extremely useful to be able to determine the inflow from

hydrometric data. This eanbe clone (a) from flow data in smell streams, and (b) from
discharge at the outflow station and changes in the quantity of water in the river
network.
ge~a£din~ {al: The method conSlS~S in computing the unit area discharge q for small

streams I and applying its average
inflow is given as

I

=

~

to the whole catchment area A, so that the

(4.6.1)

qA

If the amount of inflow is worked Qut in this way for each reference unit, we obtain
a graph of its variations over time. The choice of a reference unit depends on the
available data and on the time of travel of the water in the stream.
~e~a£dinE

ibl:

The natural runoff regulation in a river basin is similar to runoff
by a lake. The most important factor in such control. is the storage
capacity of the river system whose knowledge makes it possible to calculate approximately the inflow of water into the river network from the water balance equation:
regulatio~

I

= 0+

AS

At

(4.6.2)
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where I is the average flow into the stream network during the period 6t t 0 is the
average discharge of water at the outlaw station during the same period and ~S is
the storage change in the river netwo~k.
The extent to which the calculated inflow hydrograph approximates the actual
one depends largely on the accuracy of the estimates of the river network storage.
The greater the number of sections, including second and third order tributaries,
from -which the amount of water in the network has been determined, the nearer the
calculated inflow approaches the actual inflow. The time lag between the maximum
inflow olld tIle maximum Flood discharge makes it possible to use the relation between
these two variables to calculate the maximum flood discharge and stage.

The main factors determining the shape of c flood ore the size and configuration of the drainage basin, its relief and slopes and the density and pattern of
the stream network. The fact that j,n each basin these characteristics remain constant suggests that the hydrographs of floods caused by brief rains relatively
evenly distributed throughout the area will have similar shape. This is one of the
assumptions used in practical computations of flood hydrographs. The second assump~
tion i. that the flood hydrograph of each basin has a stable characteristic shape,
and the third assumption states that the summable water masses arrive simultaneously
at the outflow station, i.e., that the principle of superposition is applicable.
These three assumptions are equivalent to saying that the basin behaves like a linea~
time invariant system.
On the basis of the first assumption, the outflow discharge for a flood produced by rainfoll lasting for a single time unit is given by the product:

= kIO (T)
o

(4.6.3)

where k 15 a dimensional coefficient, I is the water yield of the catchment in mm or
the inflow into the stream network calculated in cne of the ways described above,
and QO{T) is the time di8tribution of runoff in fractions of a reference unit. The
function 00(T), while unique to each basin, has the general form of q uni~odal asym~
metrical curve; it is often called the "runoff travel time curve I', or the '~ravel
time curve", or also the "dimensionless hydrograph " .
Runoff distribution may be represented not only in the form ofa dimensionless
time function, but also in the form of the so-called "unit hydrograph t1 , i.e. a hydrograph corresponding to a unit runoff depth (1 mm, 1 inch). It is abtained from equation 4.6.3 by putting I = 1. The ordinates of the unit hydrograph depend on the
urea of the catchment and the duration T of input I. Like the travel time curve
00(T), the unit hydrograph 0u(T,T) reflects the laws governing the floodwave formation and is characteristic for a given basin. Complex floods caused by rainfall
pccurring over several reference time units T are calculated on the principle of the
summation of simultaneous inflows by the superposition of hydrographs corresponding
to particular time units af duration T (Figure·4.6.l). The total outflow (runaff)
at time t is given as
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Figure 4.6.1 - Definition sketch for Unit Hydrograph method
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(4.6.4)

O(t)=kI:
T=l

Equation 4.6.4 is the discrete counterpart of the so-called convolution
(Duhamel) integral which gives the output from-a li~ear system/ yet)! as a;function
of input xCt) and the system response ( T1 kernel 11 )u(t) . . The convolution integral has
the form
t

yet)

= [

X(T) u(t- T) dT

(4.6.5)

Thus the time distribution of runoff resulting from a short rainfall represents the
basin response function provided the basin can be regarde~ as a linear time invariant
system.
Many methods have been suggested for determining the basin response function;
they may be divided into three main groups;

(0)

The isochrone method;

(b)

The unit hydrograph method;

(c)

Methods based on the use of analytical description of conceptual
models of the basin.

The isochrone method
The essence of the method consists in the fact that the distribution of the
areas between isochrones is taken as the basin response function (time distribution
of runoff). The simplest methods of determining the former are based on assuming
the constancy of the travel velocity of water. The disadvantage of the response
function obtained by thi! metllod consists in the fact that it does not adequately
express the regulatory effect of the basin and its stream storage ctipacity~ As a

first model of flood formation, the isochrone theory has played a useful part in the
development of practical methods of flood computations.

!~~_~~~!_~~~~~~~~E~_~:~~~~
The construction of the unit hydrograph involves the following three
operations:

(i)

Separation of the direct runoff from the total flood hydrograph;

(ii)

Determining the depth of direct runoff for the flood concerned;

(iii)

Dividing the ordinates of the direct runoff hydrograph by the
direct runoff depth:
Q (T)
U

=

(4.6.5)
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3
where QU(T) is the ordinate of unit hydrograph at time T (in m /s per 1 mm of
effective rainfall), Q(T) is the total flood discharge at time Tin m3/s, Op(T) is
the base flow in m3/s, and Peff is the direct runoff (or effective rainfall) in mm.
The average unit hydrograph for the basin is established by averaging
several hydragraphs obtained from rainfalls of the same duration.
When establishing unit hydragraphs, isolated floods caused by rainfalls of
a given duration and relatively evenly distributed over the area and in time, are
usually selected.
As an approximate index of runoff distribution characteristic for a given
basin, the unit hydrograph expresses the regulating role of the basin better than
the distribution of inter-isochrone areas. A number of difficulties in establishing
it arise chiefly from the strong effect that spatial and temporal variations of rain~
fall exert on the shape of flood hydrographs. And, because of these rainfall variations, the establishment of unit hydrographs on the basis of a single factor - the
duration of precipitation - is in many cases inadequate. In other words, with very
irregular rainfall r unit hydrographs become so varied that they aTe no more reliable
indicators of basin response. The maximum size of drainage basins for which it is
possible to obtain sufficiently consistent unit hydrographs depends on the climatic
peculiarities of the region and on the desired degree of accuracy. The most favour~
able regions are those where intense rain falls over wide areas.

Amongst analytic functions for time distribution of runoff the following
formula has been widely used:
n -1
-:!.
T
e k
(4.6.6)
=
where T is the time, and kand n are constont parameters for the given basin~ This
formula is based on the assumption that the basin can be represented by a cascade of
n linear reservoirs in which storage is related to outflow as S = kO. The formula
was developed by Nash and independently by Kalinin and Miljukov; it will be discussed in greater detail in Chapter 5. If n is allowed to be continuous variable
the above expression becomes the gamma (Pearson III type) distribution.
Concluding remarks

------------------

The methods of hydrograph calculation which use the mean depth of catchment
inflow have one disadvantage: they foil to take account of irregularities of inflow
in different parts of the catchment area. There ere two ways of allowing for this
deficiency, (1) to construct an overall model of the catchment area; such experiments
have been made, but they are hampered in practice by the lack of reliable data concerning the distribution throughout the area of those features which determine
infiltration and evaporation, (2) to determine the separate inflows for the various
partial catchments and then transform them into the runoff at the outflow station by
means of a separate travel time curve for each sub-basin. The drawback of this
method consists in the difficulty of checking the accuracy of the partial travel
time curves in actual conditions of measurement in the gauging station network.

C HAP T E R

5

SHORT-TERM FORECASTS OF STAGE AND DISCHARGE
Methods for the short~term forecasting of stage and discharge are based on
the laws governing the Tbuteing of flood waves in river channels or the formation
of runoff in a drainage basin. The time taken for the formation of a flood wave
and its movement along a reach depend on the size of the basin, the nature of inflow,

the pattern of the hydrographic network, the length of the reach, and the marphometric and hydrographic characteristics of channels. It is this time advantage
which makes short-term Forecasting possible. On large rivers it may exceed
several weeks; but on sma).l mountain rivers it is a matter only of hours.
5~1

Rovieing of flood waves in reaches without tributaries

Among the principal causes of the change in
(i.e. its flattening) as it advances downstream are
sections, the storage capacity of the river channel
variations in the velocity of movement of the water
limb of the flaod wave.

the shape of a flood wave
the non-uniform channel crossand the floodplain, and the
on the rising and the falling

The changes in channel cross-section produce variations in the mean velocity of movement of the water moss~
A narrowing of the channel produces a backwater
effect in the upstream sections, as a result of which the velocity of the water is
reduced~
In the narrow channels themselves, on the other hand, the velocity
increcseSa

The flattening out of the flood wave due to the varying velocities of flow
in the rising and falling limbs is most clearly seen when water is released from
reservoirs. In the case of natural floods, especially on large rivers, the difference in the slope of the water surface and the velocity of flow on the rise and
fall of the wave are considerably less, with the result that the flattening effect
is very much less marked.

The most important factor in transforming flood waves is the storage capacity of the channel itself and, more particularly! of the floodplain The regulatory
effect of the floodplain is due to two basic causes. The first of these consists in
the fact that when a volume af water spills over into the floodplain it is tempararily withdrawn from the stream itself and lags behind it. The second couse is due to
the absorptive capacity af the floadplain subsoil and the numerous closed depressians
in it. Part af the water.which soaks into the floodplain subsoil returns ta the
river by underground seepage only after the flaod has subsided. That portion of the
water which filled up lakes or ather closed depressions in the floodplain may be
lost completely to evaparation.
a
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The effect of channel and floodplain storage capacity on the transformation
crf the flood wave increases with the increase of storage capacity.

On a given river,

the storage capacity increases with the length of the reach and the stage. For this
reason/ flood waves undergo greater transformation on long reaches than on short
ones; and on a given reach, the effect is more noticeable with large discharges

than with small discharges.
Theoretically, the routeing of flood waves in a simple river reach is des-

cribed by the well-known equations of hydrodynamics.

The solution of these equa-

tions and the calculation of discharges or stages on natural channels is very

plicated and in practice only became possible with the introduction of
computers.

com~

high~speed

Even with computers, such calculations cannot as yet give results of

practicai value because the detailed morphometric and hydraulic data required are
usually lacking.

For

this reason, in practical solutions of flood routeing pro-

blems extensive use is made of approximate methods adapted to the limited information provided by the existing system of hydrometric observations.
As a first approximation, the effect of channel capacity on the shape of a
flood wave as it passes through a simple reach may be expressed by a water balance

equation derived from the continuity of the flow:
IAt - Ollt = AS

(5.1.1)

where I and 0 are, respectively, the mean discharge ot the inflow and outflow ends
of the reach during the routeing time interval at, and A S is the change in storage

in the reach during that interval.
To calculate outflow from the reach by equation 5.1.1 it is necessary to
know the relation between storage and outflow, S = f(O), or between the storage and
inflow and outflow, S = f(O,I), and the relationship between the travel time T of
water in the reach and inflow, T = f(I).

5.2

Travel time
The travel time of water in a reach is defined as the time necessary for the

discharge observed at the inflow station to reach the outflow station.
If the volume curve for the reach, S = feD), is known the trovel time can be
determined as a first approximation by the formula:
T

AS
=AO

(5.2.1)

where ~s is the storage increase in a given interval of time, and ~o is the corr~s
ponding increase in the outflow during the same interval. Since the volume of water

in the reoch depends on the discharge and the length of the reach, the trovel time
is a function of these two variables and, for a specific reach, a function of

the

discharge.
The travel time is related to the mean velocity of flow in the reach. Theoretically, for a regular prismatic channel, the velocity of a flood wave should be

- 40 greater than that of the moving water itself~ Approximate relationships between
these velocities for channels of different shapes with given roughness parameters
have actually been determined. Foi example, in the case of a wide parabolic channel,
it can be obtained from Chezy's formula that the ratio ~ of the flood wave velocity u
and the average flow velocity v varies approximately fr6rn 1.3 to 2.0.
Due to the variations in the cross-sections and slopes of natural channels,
the observed difference between these two velocities is smaller than that indicated
by the theory; in many cases the velocity of a flood waVe can, as a first approximation, be taken as being equal to the average velocity of flow in the reach.

The above definition of travel time as the time during which a given dis=
charge moves from an upper cross-section of a tributary-less reach to a lower crgsssection is to some extent unprecise. Strictly speak~ng, the mass of water corresponding to a given discharge at the upper cross-section does not pass the lower
cross-section simultaneously, but .is distributed over a certain interval of time.
However, for practical calculations this approximate way of treating travel time is
much more convenient.

In order to calculate travel time from formula (5.2.1), the storage curVe
S ~ f(O) or S = f(I,O) must be known. According to this formula, travel time is
expressed as the tangent of the storage curve at the point corresponding to a given

outflow value. When the function S = f(O) is linear, the travel time will obviausly
be constant for ony value of the discharge.

5.3

The volume curve of a river reach

The volume curve of a given reach can be determined in two ways:

(a)

On the basis of morphometric data and discharge rating curves;

(b)

Directly fram discharge data at the lower and upper cross-sections af
the reach.

For the first purely geom.etrical method it is necessary to have detailed
data.on channel and floodplain cross-sections and to know the cross-sectional areas
at various discharges. If such data ure available the volume of water in the reach
for a given value of the discharge is calculated from the formula:

where A(Q)iis the mean crass-sectional area at discharge Q in the ith segment of the
reach, t. being the segment length.
1

From the volumes corresponding to the various values of discharge the required storage curve may easily be constructed. However this method is difficult

to apply in practice due to lack of the necessary morphometric (cross-sectional) data.

- 41 In order to construct the storage curve from hydrometric data, the water
balance equation (5.1.1) is used. This enables the volume increments of water in
a reach without tributaries to be determined from the- differences in the discharges
at the inflow and outflow stations. Successive summing of these increments and
relating the sums to the outflow at end of time period ~t provides a graph of the
relationship 5 = f(O). In many instances this function is not single-valued. That
is to say the value obtained for storage during the rise of the hydrograph will
differ from that at the same discharge on the falling limb.
A single-valued storage curve is constructed initially as the mean of a set
of combined local curves or as an envelope to the set of curves. In order to determine the exact shape of the curve, two or three approximate values of the volume of
water in the reach are calculated for various discharges of a uniform flow regime

using the formula:
5 = L(I + 0)
2v

(5.3.2)

m

where L is the length of the reach in metres, v rn is the mBon flow velocity in the
reach in m/sec., and the remainder as previously defined. By plotting the points
calculated in this way for the lower part of the curve, its shape and position on

the graph is finally adjusted.

5.4

Flood rovtsing methods for a river reach without tributaries
The simplest method of routeing a flood wave in a reach is based on the use

of the water balance equation (5.1.1) which enables the effect of channel capacity
to be taken into account and is analogous to the streamflow control by lakes or
reservoirs. In order to solve this equation for outflow 0 it is necessary toestablish the storage curve for the reach. Practical methods of computation based on the
use of equation (5.1.1) differ depending on the assumptions underlying the constructionof the st-oragecurve-s.

There are a great number of graphical methods (sometimes supplemented with
numerical procedures) for the solution of "tne so-called reservoir routeing problem.
These methods are approximate in that they ~mploy a ~:I:impli fied continvi ty equation

in the form of equation (5.1.1) and consider the'reservoir outflow 0 and storage 5
to be related by a single~valued storage functio~ (routein.g curve) of.o general form

5 = f(O).

This implies independence of the outflow rate from the slope of water sur-

face which is close to reality only in large and ,deep- reservoirs such as those behind
man-made darns. For flood routeing in river reac~es these -methods cqn be applied only
under specific conditions which will be discussed later.
A comprehensive summary of these methods has been compiled by Yevjevich and
here only general information will be given.

50me of these methods are based on equation (5.1.1).rewritten in the form:

o

2 ~t = 5

2

(5.4.1)

- 42 where the suffixes 1 et 2 correspond to the beginning and end of the interval
(routeing period) ~tl respectively.

val

Other versions employ equation (5.1.1) directly g~v1ng mean outflows in inter/ ~t rather than outflow values corresponding to the, interval end. A particu-

larly simple solution (due to Wilson) is possible in case of the so-called linear
reservoir where the storage curve has the form:

(5.4.2)

S = KO

The constant K has the dimension of time and is called the storage constant in connexian with reservoirs f and travel time in connexion with river reaches! in the

latter case being. usually labelled T (see later). Substituting from equation (5.4.2)
into equation (5.1.1) and rearranging we get
lIO
II t

°

I _ 0
K

( 5.4.3 )

As ~t ~
the left-hand side becomes dO/dt and represents the slope of the outflow
hydro9raph. Since the right-hand side variables have the dimension of discha.ge
(I - 5) and time (K), their magnitudes can be graphically represented in the hydrograph plot which feature is used for a graphical determination of the unknown value

of outflow. The procedure is illustroted in Figure 5.4.1 and consists in the following: The value of K is plotted in the direction of the time axis from Ii and a
straight line is drawn between the end point A and 0i' It represents dOi/dt
and its lower part may be used to denote the actual outflow hydrograph between 0i and
O. 1 thus fixing the latter point.
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Figure 5.4.1 - Definition sketch for Wilson rDuteing method

- 43 It should be mentioned that in contemporary forecasting practice the described
"graphical" methods have been usually adopted for digital computers and are being
used as numerical techniques.

For instance, the previously described Wilson's method

has been incorporated (in a slightly modified form) into a digital forecasting ond
flow control model SSARR developed by the Corps of Engineers in the U.S.A.
The graphical techniques can be used for short-term forecasts of discharge
and stage if the inflow to the reach is known sufficiently in advonce.

Simple analytical solutions of equation (5.1.1) can be obtained if the storage function is assumed linear, i.e. when the storage in the reach is directly pro-.

portional to the outflow of weighed values of outflow and inflow. Two widely used
methods of this category are the Muskingum method developed by McCarthy and the 50called characteristic reach method developed by Kalinin ond Miljukov. These methods
can be combined with advantage since they are in some respects complementary. They
use different type of data as input and one usually gives good results in situations

when the other fails.
In the Muskingum method the storage in the reach is assumed to be proportional to the discharges at its beginning and end (i.e., to the inflow and outflow)
as follows:
S = k[xI + (I-x) 0]
Here k and x are constants for a given reach.

(5.4.4)
The constant k has the dimension of

time and its value is close to the travel time of the water through the reoch. The
coefficient x is dimensionless and always less than 1. Experience has shown that its
value most frequently lies within the range 0 to 0.5.
Theporumeters k and x for a particUlar reach are determined from hydrographs
of a historical flood as recorded at the beginning and end of a river reach. First
the value of x is found by trial and error using equation (5.4.2) ond plotting the
values of Si for a number of time instants ti (Si is given as the area between the

inflow and outflow hydrographs for the time interval between t = 0 and t = ti)
against the values [xli + (I-x) 0i]' The correct value of x is such for which the
plot gives a single-valued relationship. After the value of x has been found the
value of k is obtained as the slope of the straight line that best fits the empirical
plot.
By combining equations (5.4.1) and (5.4.4) the following equations are
obtained.
(5.4.5)

where

-

kx - 0.5 .t.t
k - kx + 0.5 .l>i

C

=

C
l

= kkx - + kx0.5+

C
2

= kk -

0

44

.l>t
0-.5 .l>t

(5.4.6)

kx - 0.5.1>t
kx + 0.5.1>t

The sum of the coefficients Co, Cl and C2 is equal to unity.

The length of

the time interval ~t may appreciably affect the accuracy of the calculations. Experience has shown that, in the majority of cases! satisfactory results are obtained

with .l>t equal to 0.3 - 0.5 of the time of travel in the reach. The outflow hydrogrophis obtained by repeated use of equation (5.4.5) in which the value of 0 is
1
represented by that of 02 calculated in the previous step.
The characteristic reach method is based on the assumption that a reach can

be found for which the equation S

= TO

holds and the travel time T is constant. Such

a reach is called a characteristic reach;

its length is such that under non-steady

state conditions there is a single-valued relationship between the discharge at the
lower cross-section of the reach (the outflow) and the stage in its central part. The
length of a characteristic reach is approximately given as:
L =

Q
st
oQ
st
i
st o H
st

(5.4.7)

where Qst and i st are the discharge and the slope of the water surface under steadystote conditions, respectively, and dQstlaHstis the tangent of the steady-state discharge rating curve. In the first approximation it can be assumed that the rates of
change of Qst and oQstlaHst are about the same so that in practical computations L
can be taken as constant and equal to the mean value.
For intervals .l>t during which the inflow I into the characteristic reach
remains constant, the outflow at the end of .l>t is given as:
-M
-.I>t

ot = I
where 0

o

--T)

( l-e

+

--T

a0 e

(5.4.8)

is the initiol outflow from the characteristic reach and

T

is the travel time.

The characteristic reach method enobles one to determine thetransfarmotion of
flood waves (as well as waves coused by sudden water releases by peaking hydra-power
stations) in river reaches without tributaries, consisting of a number of characteristic reaches. In the simplest case whem the travel time T is the same for each characteristic reach, the outflow from the last cut of n characteristic reaches is given
as:

an

M

n-l

_~,--_t

(n - 1)

e

-tiT

(5.4.9)

- 45 In this formula 1 0 is the inflow into the first chorocteristic reoch, t is
the time, f.,. t is the computational time interval, Tis the- travel time for one characteristic reach, and n is the number of characteristic reaches.

The expression multiplied by 1 0 in equation (5.4.9) is a function of time
ond represents the unit response (i.e., response to a unit inflow, 10 = 1) of 0
cascade of n characteristic reaches or n linear reservoirs. It is sometimes called
the travel-time function (or curve) and denoted Q (t) (see also Chopter 4).
o

The porameters T and n of the choracteristic reach method and the
parameters k and x of the Muskingum method are reloted os follows:
T

= kin

(5.4.10)

n = 1/(1-2x)

These equotions, developed by Svoboda add much flexibility to both the Muskingum and
characteristic reach methods. They make it very simple to find the unit response
for the Muskingum model, and enable one to use the characteristic reach method withQut data on channel geometry or to use the Muskingum method in the absence of his-

toric flood hydrographs.
There are a number of other methods for flood routeing in river channels, for

instance the lag-and-route method which delays the inflow hydrograph by an empirically estoblished travel time and then subjects it to routeing through a single
reservoir, the working-discharge method which uses a virtual value of discharge that
would, under steady flow conditions, produce in a channel reach a storage equal to

that produced by the actual inflow I and outflow 0, etc.

These and still other

methods have been described in detail in hydrologic literature, for instance in Ven

Te Chow's Handbook of Applied Hydrology.
Application of the described methods has been much simplified by digital
computers without which the _procedur_es _would be too ti-me -c-ons-um-i-ng -and Gumaer-seme
in most cases. A viable alternative to the digital computer is, in some cases, an

electric analogue device which not only speeds up the work but makes it possible to
quickly optimize the model parameters, for instance the values of nand T in the
characteristic reach model if there are insufficient data to determine them direct-

ly. As an example, a device can be mentioned that hos been developed at the Central
Institute of Forecasting (U.S.S.R.). Its bosis is an analogy between an electric
current and the motion of water in c channel and it models the following counterpart

of equation (5.4.9).
I

= I.

out

_-:"',,;;-,-t

_

t

n-l

e

- tlRC

(5.4.11)

1n (RC)n (n-l):

where I is the current intensity, R is the resistance, C is the capacitance (dimen-

sion of RC is that of time), n is the number of the RC circuits used.
An electric analogue can be successfully used both for calculating the
transformation of natural flood waves and flash floods caused by hydroelectric
stations.

It is very convenient in complex situations arising, for instance, in
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long river

reaches with terrae-ed flood plains where the travel time changes with

the flooding of ·each terrace.

An example of such condit-ions may he found

on

an

approximately 700-km long stretch of the lower DanvbeRiver.

5.5

Method of corresponding stages

The method of corresponding stages is one of the simplest methods for shortterm forecasts. Essentially the method amounts to finding the correlation between
the stages at the upper station of a reach and the stages that will consequently

occvr (ofter

0

delay cavsed by the travel time) at the low station. The difference

in time of the occurrence of corresponding stages at the upper and lower station
determines how far in advance it is possible to forecast. This depends on the dis-

tance between the stations l the morphometric features of the reach and magnitude of
discharge. The method of corresponding stages gives the best results for forecasts
of peak discharges and stages. However, it is often also used for forecasts of
stages in general.
The relationships for corresponding levels may be established by linear correlation or graphical methods. In both cases, it is necessary to determine the
travel time of the crest of the flood wave between stations as a function of the
height of the wave itself. Withovt this, the forecast of the stage cannot be related
to time of its occurrence.
The degree and form of the correlation of corresponding stages are determined by various factors. The principal of these is the relative magnitude and
variability of lateral inflow to the reach, the stability of the channel and its
morphometric features, which determine the form of the discharge rating curves, and
the degree of transformation of the flood wove. Very freqvently the insvfficient
representativeness and accuracy of the hydrometric data themselves appreciably
affect the degree of correlation of the corresponding stages. The greater the relotive magnitvde of lateral inflow and its variability, the lower will be the correlation for corresponding stages. The"instobility of channels at gauging sites
also reduces the degree of correlation and consequently the accuracy of the forecast.
In general, correlation between the corresponding stages tends to be low for rivers
with easily erodable channels.
The different natvre of transformations of different flood waves leads to 0
decrease in the degree of correlation of corresponding stages, especially in cases
when data referring to stages on rising end falling limbs are used rather than the
typical peaks and troughs only. To impreve svch correlation, relations are vsually
developed separately for rising and falling segments of the hydrograph.
For long reaches the stage (or discharge) at the downstream station on the
day of forecast time t is vsed as a third variable in the relationships for corresponding stages thus, to some extent, making it possible to take the transformation
of the flood wave into account. An example of such correlation is given in
Figvre 5.5.1. In the case of great variability of lateral inflow it may, in some
cases, be very useful to introduce! as an auxiliary parameter, the average depth of
rainfall occurring within a specific period prior to the time of forecast. In
reaches where significant transformation effect is encountered, it is useful to

- 47 set up the relation from the corresponding stages which are above the points of rise
on hydrographs in upper and lower cross-sections.
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Figure 5.5.1 - Example of a 3-day forecasting chart for
stage at a downstream station, given the stage at one
upstream station and the sum of discharges at several
upstream stations

5.6

Forecasting stages and discharges in reaches with tributaries
The amounts of water which flow along the main stream and its tributaries at

different times may vary greatly.
mainstream;

The flood wave moy be due to heavy rainfall on

over one or more tributaries;

or over the entire area.

The non-synchronous occurrence of the flood waves in the mainstream and its
is the reason why the crest at the outflow station must be obtained by
superimposing component tributary and mainstream flows.

tributaries
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It is often difficult to determine correctly the travel time of the tributary flows because of the backwater e-ffects, and the errors involved may be consid-

erable.
Many methods exist for the determination of the travel time in reaches with
tributaries. The most widely used method consists of ~sing intervening reaches and

finding the best fit of the hydrographs.
In formulating relationships for forecasts for reaches with tributaries, the
most effective method involves the use of discharge data from the upper cross~
sections. The principal advantage of using discharges is that these quantities are
absolute.
The upper stations are chosen in such a way that the travel time of the
water from each of them to the lower cross-section should 1 as far as possible, be
the same. For this purpose maps showing isochrones of travel time are used. However! it is not always possible to do this in practice I especially in those basins
where the hydrometric network of stations is sparse. In such cases the corresponding
discharges can be found either by calculating thetrovel time from each upper station
or by interpolation of discharges for those rivers in which the hydrometric crosssections are situated above and below the isochrone corresponding to the required
lead time of the forecast. By using as initial quantities the sums of corresponding
discharges it is possible to introduce a third variable into the calculation! for

example, additional lateral inflow or regulating effect of channel capacity in the
reach.
In the case of the confluence of two large rivers having non-synchronized
water regimes it becomes necessary to take the effect of backwater into consider-

ation.

Thus, for example, in the case of the passage of a large flood on the Tissa

River during the period of low flows on the Danube River! there may be a compara-

tively large rise of the stage on the Danube above the estuary of the Tissa due to
backwater.
An example of
Figure 5.6.1.

0

forecasting chart for the Danube at Navy Sad is shown in

In practice it is often necessary to have forecasts of stages on reaches
with tributaries where there are no discharge data. In such a case dota on stages

must be used, which complicates the problem. The simplest solution is to use the
multiple c'orrelation between the stage at the downstream station and the stages at a
number of upstream stations.

Multiple correlation methods may also be used for finding the relationship
between the stage at the lower station and the discharges at upper stations of the
river system. In part~cularl it may be used for forecasts of minimum stages on
large navigable

river~!

even for lead times longer than is the travel

~ime.
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Figure 5.6.1 - Stage forecasting chart for the Danube
River at Navy Sad

For purposes of increasing the accuracy of the forecast, equations of the
type given above are calculated for various typical phases of the regime. For example,
one equation is used in cases when the flows of the mainstream and its tributaries
are falling, another when they are rising, and still other equations can be set up
to meet other situations.
5.7

Forecasting runoff from channel storage

In the operation of hydroelectric stations and reservoirs there is an ever~
increasing need for forecasts of the inflow of water, most frequently the mean
inflow rate, during various intervals of time.
Forecasts of mean discharges for relatively short periods of time are based
on the use of relationships between the runoff and the amount of water in the river

network, Q

= f(St)'

where St is the amount of water in that part of the river network

- 50 from which the water reaches the outlet within a given interval of tim~ t. For
example r if there is no additional inflow of water due to snowm~lt or rainfall, the
mean ten-day discharge in a given cross-section of the river is· fully determined by

the volume of water in the channel at the beginning of the period. The relationship
between runoff and channel storage has been widely used in practice for forecasts of
mean ten-day or mean monthly discharges of large rivers; during the low-flow season
the forecast periods may be even longer.

The magnitude of channel storage at a given moment in time can be determined
from volume curves constructed for reaches of rivers or directly from data on the
discharge and travel time. The latter method J which is the simpler one, is more

frequently used and consists in the following.
As a first approximation, the volume of water in the reach between cross-

sections 1 and 2 is equal to the product of the mean discharge and the travel time:
(5.7.1)
where Q and Q are the discharge at the beginning and the end of the reach,
l
2
respectively.
For a reach with a tributary the volume of water is given as:

5

1,2,3

=

(5.7.2)

T

where Q3 is the discharge at point 3 on the tributary and T is the mean travel time
on the two reaches (1,2) and(3,2) as shown in Figure (5.7.1).
Calculations of the water storage in a river network are simplified if the
travel time'for each reach is assumed to be constant; the general expression for the
amount of water in a reach of a river network with m sub-reaches and n cross-sections

(Figure 5.7.1) will have the form:
5 = 1/2

(T

I Q+
l xl

where the summation I

x,

T

I Q + ••• +
2 x
2

T, I
1 x,

1

Q + •.• +

T

I
mx

Q)
m

is over x. cross-sections demarcating the ith reach. Combining
1

the terms relating to'the same cross-section we obtain:
(5.7.3)
The calculation of the channel storage by the method described gives approximate results. The errors involved depend on the completeness of the coverage of the
river system with gauging stations (see Figure 5.7.1), the accuracy of measurements
of discharges, and the determination of the travel time. Additional errors are also
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Figure 5.7.1 - Definition sketch for calculation of channel storage
introduced by assuming the latter to be constant for all branches of a reach. Nevertheless, the channel storage calculated in this manner is sufficiently representative for establishing correlation relationships with mean discharges.
For low-flow periods, the channel storage as well as the discharge at the
outlet reflect the inflow of groundwater to the river. Because this inflow is not
subject to sharp variations, but changes smoothly with time, it is possible to use
channel storage as a basis for forecasting mean discharges even for periods consider~
ably longer than the travel time.
The method of forecasting the runoff from channel storage is most effective
for large rivers where most of the runoff originates in the upper parts of the basin
at a considerable distance from the outlet. A well developed hydrometric network is
a necessary precondition for a successful application of the method.

C HAP T E R

6

FORECASTING SPRING HIGH-WATER OF LOWLAND RIVERS
Spring high-water is characteristic for lowland rivers in temperate and cold
regions where snowmelt is a major runoff contributor. A typical hydrograph for such
rivers is shown in Figure 6.0.1.
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Figure 6.0.1 - Typical hydrograph of a
lowland river
The spring! or snowmelt, runoff of many rivers in these regions accounts for

50 to 70 per cent of the total annual runoff and in arid regions it may account for
80 to 90 per cent. The duration of the high-water period and its phases depends an
the size and geography of the 'basin. On small rivers the high-water period lasts for
a few weeks while on large rivers it may last for several months.
The main characteristics of spring high-water are: volume of runoff, maximum discharge, highest stage l and the time of commencement.

6.1

The main factors influencing spring runoff and the possibilities of spring
runoff forecasts

The volume of spring runoff is determined by three main factors; the amount
of snow which has accumulated in the basin during the winter; the amount of liquid
precipitation which has fallen during the high-water period; the water-retaining

- 53 capacity of the river basin. The first two factors can be estimated quantitatively
to some degree of accuracy from data obtained by direct measurements. The capacity
of the basin to retain a greater or lesser amount of snowmelt or rain-water depends
on a number of factors and cannot be measured directly.
The constant factors which determine the water-retaining capacity of a river
basin are the relief, and the soil and vegetal cover of the basin. Variable factors
are the amount of moisture in the soil, its temperature and depth of freezing. The
latter fac~ors depend on the meteorological conditions occurring long before the snow
starts to melt.
The practical possibility of long-term forecasts of the volume of snowmelt
runoff depends on the possibility of estimating the amount of meltwater which will
be absorbed by the soil and retained at the surface of the basin during the process
of melting.
In many regions liquid precipitation falls during the period of snowmelt and
makes a considerable contribution to the spring ,high-water. It is impossible to
estimate this contribution for in advance without a quantitative forecast of the
precipitation. This introduces additional errors into forecasts of the spring runoff
volume.
The maximum discharge of the spring high-water is correlated to somB extent
with the volume of runoff. The greater the volume, the greater, as a rule, is the
maximum discharge and stage. However, the time distribution of the snowmelt intensity which depends on weather conditions has a considerable .effect on the flood
crest and blurs the relationship between the runoff volume and the maximum discharge.
The divergence of the time of occurrence of the peak from i~s mean climatic dates in
the given basin depends on the spring meteorological conditions in each. year. The
travel time of the peak of the flood with regard to the time of commencement of maximum inflow of water in the channel network depends on the shape and size of the
basin.
6.2

Snow cover, its consolidation and physical properties

Snow cover forms as the result of accumulation of solid precipitation during
the winter. Due to its friable nature, snow is easily transported by the wind ..
During the winter the wind redistributes enormous quantities of snow. It blows the
snow from exposed high ground to places lower down, fills depressions in the microrelief and causes snow drifts to form against obstacles. The uneven distribution
is a characteristic feature of the formation of snow cover.
The mOln features of snow cover are its depth, structure, density, and the
water equivalent. This latter value is necessary for water balance calculations.
The depth and water equivalent of snow are measured directly. Density of snow, P
lS a function of water equivalent, w ' and depth of snow, d ,
n
n
p= w / d
n

n

(6.2.1)

- 54 The coefficient of varIation is used as an index of uneven distribution of
the water equivalent of the snow cover in different parts of the basin; it is given
as

cv

;:;;

(6.2.2)

~

w
n

where wn is the mean water equivalent of the snow cover in the basin, and a is the
standard deviation of the point measurements of the water equivalent of snow. The
greater the coefficIent of variation, the greater is the unevenness of the distribution of the water equivalent of snow.
Cumulative distribution functions give a more complete representation of the
distribution of snow cover by area (Figure 6.2.1). They are used to estimate variations in the areal coverage of snow in the basin and to assess the distribution of
the depth of frozen soil in the basin.
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Snow as a physical body is extremely varied and changeable. Its physical
properties are greatly affected by meteorological conditions. Because of this
reason, many of its properties and the laws governing its changes are still not

sufficiently known.

- 55 The structure of snow varies widely from a fine crystalline to a large
granular form. Its density varies over correspondingly wide limits, approximately
from 0.02 to 0.5 g/cm 3 •
.
Of the other physical properties of snow, those which are of most interest
for hydrological calculations are its thermal and radiational properties and also
its water-retaining capacity.

These properties of snow determine the amount of heat necessary for the

melting of a given snow layer, as well

05

the rate of the melting.

The thermal conductivity of snow depends on its structure ond density but
it is generally low. Because of this r snow protects the soil from freezing to a
great depth and from rapid temperature fluctuations. Several formulae have been

proposed to determine the coefficient of thermal canductivity of snow.
of them is Abel's formula.
2
A ~ 280.4 P

(Jim 2

The simplest

sec DC cm)

(6.2.3)

where P is. the density of snow.

These properties play an important part in the melting of snow.
the light-reflecting properties of the snow

Of these,

surface are of particular importance.

The capacity of bodies to reflect part of the incident radiant energy
(direct and scattered solar radiation) is given by the ratio of reflected radiation
to the total radiation falling on their surfaces (albedo)
R
r

~

refl
R

(6.2.4)

The albedo of the surface of snow cover varies within wide limits, from 0.95

for pure freshly fallen snow to 0.20 for dirty snow saturated with water.
values of the albedo for pure snow are set out below.
Fresh, dry, dazzling-white snow

0.90 - 0.85

Crystalline dry drift snow

0.80 - 0.70

Fine granular wet snow

0.65 - 0.55

Granular melting snow

0.55 - 0.45

Typical
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Snow possesses the capacity to retain a certain amo~nt of liquid water. However, this capacity does not remain constant and decreases with the melting process.
By the water content of snow we mean the relative amount of liquid water which the
snow can contain for a length of time.
y

=h

(6.2.5)

w

n

where h(mm) is the depth of liquid water and w (mm) is the water equivalent of snow.
n

The laws governing the' variation in the water-holding capacity of snow are
not yet fully understood. From experimental data it is known that fine crystalline
drifting snow is capable of containing up to 40 per cent of liquid water. Large

granular snow at the end of melting has a water-holding capacity of only about five
to eight per cent. As a first approximation, the variation of the water-holding
capacity of snow in the process of melting can be represented by the following
formula:

y

= (y

max

_ 0,06) e -4z + 0.06

(6.2.6)

whereY. max is the maximum (initial) water-holding capacity of snow, z is the relative
decrease in snow depth as a proportion of its initial depth-.
From formula (6.2,6) it is possible to find the relative decrease of snow z o ,
at which water yield commences, as a function of maximum water~holding capacity

(Table 6.2,1).
The maximum water-holding c~pacity of snow depends on 'its structure; according

to the data published by Kuzmin, for fine grain snow (which is subject to the action
of winter thaws) with density 0.25-0.30 g/cm 3 , it may be taken as equal to 0.27-0.32.

TABLE 6.2.1
Relative decrease of snow depth,

Z

I

o
yield from snow commences

Ymax

0,18

z

0,119 0,126 0,133 0,140 0,147 0,153 0,158 0,163 0,168 0,173 0,178 0,183

0

0,20

0,22

0,24

0,26

0,28

0,30

at which the

0,32

0,34

0,36 0,38

~~
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Snowmelt and methods for its calculation

Snowmelt under natural conditions is a complicated process which takes place
under the influence of numerous factors.
The main portion of heat for melting is received by the snow cover through
its surface during daylight. The heat exchange between the snow and the soil during
snowmelt is so small that in practice it is often neglected. Thus, the quantity of
heat consumed by the melting in a unit time is equivalent to the difference between
the influx and losses of heat from the surface of the snow.

The sources of the heat supply are'

(0)

Solar radiant energy (direct and scattered short-wave radiation);

(b)

Long-wove radiation from the atmosphere and clouds;

(c)

Warm air;

(d)

Latent heat of condensation, received by the snow when water vapour
condenses;

(e)

Liquid precipitation.

At the same time the snow loses heat by back long-wave radiation and evaporation.

The amount of heat which the snow receives from occasional precipitation is
relatively small and for this reason is not usually taken into account in snowmelt
calculations. Because of the small amounts involved, the heat require.d to heat the
snow to the melting point is also not usually taken into account.

Using the heat balance equation, the depth of water from melting which forms
1n a unit time is expressed as the algebraic sum of the input and loss of heat per
unit surface of the snow cover,

(6 ..3.1)
where RS is the inflow of heat by direct and scattered solar radiation minus reflected radiation, RL is the loss of heat by effective long-wave radiation, Rr is

the inflow of heat due ta turbulent heat exchange with the air, RE is the loss of

heat by evaporation or gain of heat by condensation.

Of the components in the heat balance, only the radiational components can
be measured directly. However, the network of radiation measuring stations is so
sparse that it is in practice impossible to make direct use of radiation measurements
for calculations of snowmelt for large areas. Thus all the quantities in equa-

tion (6.3.1) have to be determined indirectly.

This is, in fact, the principal dif-

ficulty in calculating snowmelt. Formulae are given below which have been suggested
by Kuzmin to determine the values of the variables occurring in equation (6.3.1) for
the conditions of open terrain.

- 53 To calculate the inflow of heat due to solar radiation the following formula
is applicable:
(6.3.2)
where r is the albedo of the snow, R is the direc~ and scattered solar radiation in
S
J/m 2 sec on a horizontal surface with a cloudless sky, NL
and NT t are the low~
level and total cloudiness: respectivelY7 expressed as de~1mol fra~tions.
',f

There arB usually no regular measurements of the albedo of snow at meteorological stations and consequently mean values have to be used in the ~alculations.
Experimental data show that, with continuous melting and no contamination of the
snow, the albedo is 0.75 - 0.6 during the first days of snowmelt and about 0.5 during
the period of accumulation of the main mass of snow. Towards the end of snowmelt
when the snow lies in patches! the albedo decreases to O~3.

As for other substances! the back long~wave radiation fr~m snow is proportional to the fourth power of the absolute temperature of the radiating surface.
Kuzmin recommends the following formulg for calculating the effective long-wave
radiation:

R = 0 (T 4 _ ACT 4)
L
s
a

(6.3.3)

8
2
where 0 is a constant of radiation (equal to 5.77 10- J/m sec), Ts and Ta are the
absolute temperatures of the surface of the snow and of the air! respectively; A is
a variable depending on the humidity of the air and is calculated fram the formula:

A = 0.62 + 0.05ve

(6.3.4)

where e is the absolute humidity in millibars at a height of 2 m; C is a variable
taking into account the effect of clouds on the radiation of the atmosphere,

C = 1 + 0.12 (NT ot + NLow )

(6.3.5)

The second term in formula (6.3.3) represents the long-wave radiation of the
atmosphere~

In calculating the effective radiation for an interval of ti~e ~ti for
exomple / 12 hours, all the meteorological elements occuxcing in the formula refer to

the means for this interval and the calculated result is multiplied by the number of

minutes in the interval.

To determine the heat exchange with the air,RT, and the loss of heat by

evaporation or the gain of heat due to condensation, REI following formula is used.

R + R = au (eo -e s ) + 1.75 (e - E)
E
T

(6.3.6)

where u(m/sec) is the wind speed at height 10 m,e a and a s are the air temperature
and the temperature of the snow surface, respectively, e (mb) is the absolute humidity of the air, E(mb) is the saturation vapour pressure at the temperature of the

- 59 snow surface, a is a parameter representing the roughness of the snow COYer. For
the latter, Kuzmin recommends the following values: for depth of snow cover more
than 10 cm a = 0.2, far depth of snaw cover less than 10 cm a = 0.3. For temperature of the surface of melting snow e = oDe the corresponding value of E is 6.11 mb.
s

The amount of heat needed to heat the snow to OOC is calculated from the
formula:
(6.3.7)
where 8

m

is the mean temperature of the snow layer.

As it is evident from the formula, the amount of heat for heating the snow
to the melting point is comparatively small. For example, to heat a layer of snow
40 cm deep, with density 0.3 and initial temperature _2°C requires 50.2 10 4 J/m 2 •
Calculations of snowmelt should be made separately for daytime and the night, since
at night the snow melts much more slowly or ceases to melt altogether due to loss
of heat by radiation. Under such conditions, calculation of the heat balance for a
day taken as a whole would inevitably lead to an underestimate of the rate of melting
due to the fact that the njght loss of heat by radiation would be calculated from a
radiational inflow of heat which only occurs in the daytime.
The formulae considered above make it possible to carry Qut an approximate
calculation of snowmelt for a horizontal and open locality, using equation (6.3.1).
However, based on the four standard meteorological observations per day, such a calculation would not be very accurate. Its weakest point is the determination of the
radiation influx of heat ond effective radiation from data on mean cloud cover. The
existing visual observations of cloud amount are not sufficiently accurate. Errors
in the calculation of the snowmelt purely as a result of errors in determining the
radiational influx of heat (which in turn are due to errors in evaluating the cloud
amount and albedo) often amount to 5-6 mm per day.

With regard to the inadequacy of the initial data and the relatively low
accuracy of the calculation of snowmelt by the above method, the simpler method of
calculation using air temperature and wind speed, or air temperature only, has not
lost its value. Popov suggested that for practical calculations air temperature
data should be substituted for cloud cover data. As we know, if there is no convection of heat, the diurnal variation of air temperature is completely determined
by the radiation-induced heat exchange between the atmosphere and the underlying
surface. The normal diurnal variation curve of air temperature (as differences from
the mean) consists of two parts: a positive part corresponding to the hours of
daylight and a negative part corresponding to the night. The positive part of the
diurnal variation of air temperatures is due to the positive radiation balance, while
the negative part is due to back radiation at night. Thus for the same underlying
surface (snow cover), and provided there is no sudden change of air mass, the positive part of the diurnal variation curve of air temperature may be used as an index
of total incoming radiation, and the negative part as an index of outgoing radiation.
An analysis of empirical data has shown that there is a fairly close linear
relationship between the total daily radiation on a horizontal surface, R', and the
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takes the form:

R'

of d-ay air. tempe-roture. The relationship

= A(emax - Bm)

(6.3.8)

There is a similar, although less accurate, relationship between the daily
value of effective radiation and the difference between the mBon and minimum air
temperature-;

(6.3.9)
'rUth f.l uniform underlying s_urfacB , the ahsolute humidity oJ the air is· also
closely related to i t.s temperature. This fact enabled the following formulae t.o be
obta-ined for calculating snowmelt:

for the daytime:
Q = 6.2 (l-r) 8

O

max

+ 0.65 u .
(eO
- 0.5) - 1.4 0 filn
.
' ,
:

o

(6.3.10)

and for the night:

(6.3.Il)

o-r

In these formulae., Go. and eN aTe- mean values
air tempe-rature and uD and
mean wind speeds in m7s_ec., corres-pond"in~ to the daytime and to the night,
respectiv~ly; 0max is the difference between. the maximum and the mean 24-hour air
temperature; w·hich indirectly repres:ent·s:. the influx of radiant energy, 0 min is the
difference between the mean and minimum 24-hour air temperature, which is represent.ative of outgoing: radiation, r is the albedo of the snow cover.
UN

OTB

p·opov points out the following limitations' which should be borne in mind in
practical calculations of snowmelt.

(a)

The. _differences. of .
temperature,o
and 0 . , are· indices of radiation
. . I]lax
. rnl.n
only for a norm"al d'l.urnal varlatlon of alT' temperature. Consequently,
on days when the variation is unvsual, the calculations give 8Troneous
resul ts;.

(b)

At the end of the period' of melting th.. di He·rence omax should not
exceed:. 4°C with comp-Iete cloud cover, 7°C w.ith variable clo.udiness,:
lOoC with cloudless skies. The diHerence 0min should not exceed 7°C;

In: all cas·es whe-n the. calculation shows a negative snowmelt during "the
night it is taken as zero. The amount of heat required' to heat the
snow, to aoe rnu·s,t be takeon into account when the melting' ha:s be.en interrupted by periods of a low negative a.ir tempe·rature lasting for several
days;
(d)

The formulae give the hest results for snowmelt calculations in northern
regions with abundant s·now.
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that the influx of heot is proportional to the mean 24-hour air temperature. The
coefficient of proportionality between the layer of meltwater and the air temperature
has been called the caefficient of melting or degree-day factor. According to
Kamarov, for open country in the northern half of the European part of the U.S.S.R.,
this coefficient is, on the average, about 5 mm per degree-day.
The conditions for the melting of snow in a forest are appreciably different
from those in an open country. The amount of radiant energy falling on the snow in
a forest is significantly less and depends on the nature of the forest - species of
trees, their age, density of the crown cover. Low wind speeds lead to a sharp decrease in turbulent heat exchange. Experiments show that, for the same air temperature, the rate of melting in a dense forest is 0.3 to 0.4 in an open country.
The calculation of the components of the heat balance of snow cover in a

forested orea presents a difficult problem because of the great diversity of the
forests themselves.

At the same time, the features of the processes of heat ex-

change in a forest (the decrease of the role of radiation and wind speed) lead to
closer relationships between snowmelt and air temperature than is the case for open
country.
There are still very few observational data for determining the coefficient
of melting for various types of forest. As a first approximation the following
values for these coefficients can be taken for practical calculations:
Dense coniferous forest (crown density 0.8-1.0):

1.4-1.5 mm/degree-day

Coniferous forest of average density

(crown density 0.6-0.7) and dense
mixed forest:
Low density coniferous and deciduous forest
(average crown density):

1.7-1.8 mm/degree-doy
3-4mm/degree-day.

Calculations using the coefficient of melting are less accurate for open
country than for forests. In spite of this, snowmelt is often calculated in practice
using air temperature, in particular for evaluating the mean rate of melting, for
determining the decrease in the amount of snow/ and for other computations.
Calculation

of snowmelt water

By us~ng the above method it is possible to calculate approximately the
daily amount of snowmelt per unit area of the snow cover. The actual amount of
meltwater reaching the surface of the ground is very different from the total
amount of snowmelt. This is because the snow retains part of the meltwater and the
areal extent of snow cover gradually decreases with the decrease of the amount of
snow in the basin.

When the melting starts the meltwater is at first completely retained by
the snow and consequently there is a time lag from the time of commencement of
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melting to the time when the water reaches the ground surface. Conversely, later on,
the daily water yield from snow becomes somewhat greater than the daily snowmelt due
to the partial release of water which had previously been retained by the snow.
Variations in the snow coveT of the basin aTe due to the irregular snow distribution
and non-uniform melting. Thus the amount of meltwater reaching the ground surface
should be proportional to the water yield of the snow and the area of :ater yield.
~<r>m

Q

w

w

where Qw (mm/day) is the effective snowmelt woter, m (mm/doy) is the water yield from
snow,¢w is the area of water yield expressed as a decimal fraction of the totol area

of the basin.
The simplest calculation of the supply of meltwater is based on two assumptions; uniform rate of melting; uniform water-holding capacity of snowpack over the
whole basin. On these assumptions I the water yield of snow is calculated from the
formula:
m

~

O.

.,.---=.1_
1 - z

(6.3.13)

o

where 0i (mm/doy) is the rate of snowmelt and Zo is as previously defined (see
Table 6.2.1).
Let'" (d n ) be the fraction of area with snowpock depth lower thon dn . Further,
let the decrease of snowpack depth, at which water yield storts, be d no ~ zod n , and
let w(d no ) denote the fraction of area with the reduction of snowpock depth less

than dno .

Then if a snow layer X mm melts, the area of water yield is given as:

(6.3.14)
where w(X) is the oreo from which water yield would be possible and ~ (X) is the area
free of snow (see Figure 6.3.1).
Duration of snowmelt
The (calendar) duration of snowmelt in a river basin l TI can easily be determined as the number of days between the date of disappearance of snow and date of
commencement of snowmelt, minus the number of days with below-zero temperatures when
no melting occurred. Such a statistic is not representative however, since it does
not reflect the true progress of snowmelt and variations in the snow cover in the

basin.

For this reason it is of little use for determining the mean rate of yield

of snowmelt water and its infiltration, nor as an indicator of the duration of the
spring season. In order to take account of the progress of snowmelt and the variations with time of the snow cover in the basin, it is necessary to use the so-called
reduced (mean weighted) duration of snowmelt. This quantity is more representative
and comparable from one year to another. It is defined as:
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Figure 6.3.1 - Definition sketch for the
determination of area of water yield, ¢w(X),
corresponding to a layer X of melted snow

(see equation 6.3.14).
1 - Cumulative distribution of snawpack depth, d
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2 - Cumulative distribution of the decrease of
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1
~

no

(6.3.15)

where ~{T) is the mean areal extent of snow cover in the basin (expressed as a
decimal fraction) corresponding to a melting period ~T, and T is the total (calend-or) du-ration of snowmelt ind-oys.

As is evident from equation (6.3.15), its evaluation is simplest when the
graph of the diurnal variation of snow cover in the basin is known. In this case
~T = 1 and the reduced duration of snowmelt is calculated as the sum of daily
values of snow cover extent for the calendar period of snowmelt. In the absence
of direct observations of snow cover extent, the reduced duration of snowmelt may
be approximately calculated using a known function of the areal distribution of
snow amounts ~(d ), and the mass curve of snowmelt as a function of time.
n

6.4

Absorption of snowmelt water

As in the case of rainfall t part of the snowmelt water is lost by infiltration into the soil and by detention in surface depressions. A certain amount is
also lost by evaporation both from the snow and free water surface. However, the
latter losses are relatively small and are not a decisive factor in spring runoff.
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The infiltration of water into frozen soil is"o very complex process. Apart
from gravitational and molecular forces, which mainly cause the motion of water in
the pores of the soil, thermo-physical processes also have a considerable effect,
giving rise to variations in the aggregate state of soil moisture and the related
porosity of the soil.

The degree of permeability

OT

trozen soil has been studied (mainly under

field conditions) by many researchers. These studies have included measurements of
soil moisture before and after snowmelt, observations of snowmelt runoff from small
experimental catchments I measurements of losses of snowmelt water in natural and
artificial hollows, and measurements infiltration. Laboratory experiments on artificially frozen monoliths of virgin soil have also been carried out. Although there
are still many unknown aspects of the process of infiltration of snowmelt water into
frozen soil, the ~xperience from field and laboratory research gives an idea of the

order of magnitude of the rate of infiltration for some types of soil, and of the
basic factors which determine its year-io-year variations.
One of the main factors determining the degree of permeability of frozen
soil is its moisture content. The amount of ice in the pores of the soil, and the

resulting degree of their blocking, depends on the degree of moistening. The temperature and depth of freezing are also important factors. If the temperature of
the soil is low enough, the initial snowmelt freezes in the pores of the uppermost
layer and may even form a thin crust of ice on the soil surface. This phenomenon may

occur when the soil moisture content is high.

The effect of the depth of freezing

is only appreciable when the moisture content of the soil is low;
thaw from below before the snowmelt sets in.

the soil may then

In general, the permeability of the frozen soil depends on its type, compo~
sition and structure, and it varies within wide limits. Experiments show that the
frozen soil with a high moisture content becomes practically impermeable at tempera-

tures of 2_3°C below zero.
absorbing the melt water.

When the moisture content is low the soil is capable of
Heavy unstructured soils absorb far less water than the

structured ones. If the moisture content is relatively low (of the order of 50 per
cent of the lowest field capacity) they become impermeable ot the temperature of
the order of _2°C.

But even an impermeable frozen soil is capable of absorbing-from

5 to 15 mm of meltwater at the initial stage;

this is explained by the presence of

free non-capillary pores in its top layer.

The rate of infiltration of meltwater into the frozen soil is far lower than
the infiltration rates during the summer.

This explains why the coefficients of the

snowmelt runoff are for higher than the coefficients of the rainfall-induced runoff
(coefficient of runoff is the runoff total expressed as a fraction of the total of
precipitatian from which it has resulted).
The role of surface detention in the formation of the runoff has been considered in the preceding chapter. The low rate of infiltration in the frozen soil
with high moisture content and the relatively uniform distribution of the snow cover

- 65 in the basin (compared to the distribution of precipitation) provide better possibilities for an empirical estimation of the values of surface retention in various
basins. The values' of surface detention are assumed as those inevitable losses of

water which do not depend on the infiltration rate or the duration of the snowmelt.
Investigations of the spring runoff indicate that for the rivers of the steppe region
with a well-defined hilly topography these values are of the order of 20-30 mm. In
forested and marshy basins they increase to 60-70 mm.

At the present time there are no hydrological methods for direct calculation
of the absorption of meltwater. As a result, indirect characteristics of the water
absorption capacity of the river basin gain considerable importance for the fore-

casting of the spring runoff.
Past investigations show that the degree of permeability of the soil during
snowmelt in the areas of unstable and insufficient moistening may be approximately
characterized by the quantity of precipitation minus the evaporation from the soil
surface, provided that this difference is calculated for a long period of time prior

to the first frost ond providing the odditional inflow of water into the soil during
winter snowmelt is also taken into account. The following indirect characteristics
of the moisture content of the soil are currently used in forecasting practice:

(6.4.1)
or
(6.4.2)
where P-E is precipitation minus evaporation during a given number of days (60, 120)
before the snow cover, Ps . is precipitation during five days immediately preceding
the frosts, Q
is the layer of water entering the soil during the snowmelt.
m
The influence of the preceding autumn's precipitation on the value of the
runoff may be observed also in forest areas with excessive moisture. However, in
these conditions this influence is considerably smaller and is related not so much
to variations in the degree of permeability of the soil, as to the variation in the
detention capacity of the river basin as a whole. In general, the antecedent pre~
cipitation only affects the variation of the detention capacity of the basin if conditions are favourable for long detention of water on the surface. In areas of
excessive moisture such conditions exist in marshes, peatlands, marshy forests, and
the loose top layer of the forest soils. After a hot summer and a dry autumn the
free storage capacity of the marshes and the forest soils increases. This inevitably results in a decrease of the next spring runoff. On the other hand, after a
rainy autumn their free storage decreases and, consequently, the total losses of the
spring runoff are also reduced.
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Basic methods for long-term forecasts of spring runoff

If the volume of groundwater inflow is deducted from the total volume of the
spring runoff, then the water balance equation for the high-water season may be
written in the following form:

(6.5.1)
'where wn is the water equivalent of the snow and ice crust P is the liquid precipitation} f is infiltration! 5 is the amount of water retained at the surface of the

basin, E1 is the evaporation during the period of snowmelt, E2 is the evaporation
during the passage of the water through the channel network, Q is the runoff during
the high-water season.
Of all the variables in the balance equation only runoff! water equivalent of
the snow, and precipitation are measured regularly and with reasonable accuracy. The
other components are usually not regularly measured or may not be measured at all and
only their total can be estimated from the difference between the total inflow of
water into the basin and the runoff~ Nevertheless, for the purposes of runoff forecasting it is important to know the specific role of each of these variables and
their yearly fluctuations.
The losses of water through evaporation during the snowmelt are relatively
small, as may be seen both from experimental data and theoretical analysis. The
evaporation from water surface in the channel network is also insignificant since
this surface is relatively small. For these reasons the yearly fluctuations of the
evaporation cannot have a decisive influence on the value of the spring runoff, so
that in most analyses of water absorption the evaporation is usually neglected. It
is very difficult to accurately divide the total amount of water in a river basin
into the infiltration proper and the amount detained in the surface. However, it
would be wrong to consider them together because they depend on different factors
and their relation in different basins and under different conditions may vary.
When the soil of the river basin is permeable, but the infiltration rate is
lower than that of the inflow, and if the absorption capacity of the soil is not
limited, the runoff during the high-water season will be given as (compare with/for
exampl~ equation 4.5.1).

Q=(w-f)¢-s
n

(6.5.2)

where wn is water equivalent of snow, f is the total infiltration, ¢ is the effective
area,S is the surface detention capacity for the effective area. The effective area
¢ is in this case a function of the difference wn - f (see for example equation

4.4.8).
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The equation (6.5.2) may be also written in the form:

o=

w
n

(1 -

i )
w

<P - S

(6.5.3)

n

or

o=

w (1 n

f.
2.) <p - S
O.

(6.5.4)

1

where f i is the mean infiltration rate, and 0i is the mean rate of the meltwater in-

flow to the surface of the soil.

Equation (6.5.4) is graphically represented in Figure 6.5.1.

As may be seen

from this figure, for the same water equivalent of snow the runoff may vary within

wide limits depending on the ratio fi/oi. From equation (6.5.4) it follows that the
runoff is determined by the water equivalent of snow and by the infiltration rate,
i.e. the degree of soil permeobility, if the yearly fluctuations of the snowmelt
rate are small. If this condition is fulfilled there is every reason for finding an
empirical fun~tion for the river basin of the type Q = f (w , u) where u is an indi-

cator of the permeability of the soil.
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- 68 The water balance relations may be established ~ither in a truly empirical
manner by drawing curves approximately in accordance with the distribution of the·
autumn soil moisture index in the correlatioti field, br using the fheoretically
derived equations (4.5.5) or (4.5.6) in which the precipitotion P is substituted
by the water equivalent of snow w •
n

Water-balance relationship makes it possible to improve forecasts of the
volume of spring runoff by making use of data on the water equivalent of snow at a
later date and on the actual amount of spring precipitation. In practice such an
improvement is possible shortly before the end of the period of snowmelt when, for
large rivers with long high-water seasons, the lead time is still considerably long.
HO\vever, the forecast. accuracy is usually not mu_ch higher than that of the long~term
forecast, mainly because the possibilities of errors resulting from inaccurate assessment of the water-absorbing capacity of the catchment remain the same.
More reliable methods for improving forecasts are based on hydrometric data
provide for a more accurate assessment of the actual inflow of snowmelt water
into the channel network.

~lich

Essentially the method employs relationships between the amount of water in
the channel network and the resulting runoff ot the cotchment outlet. Such relationships can be established empirically using observational data for the previous year.
For very large rivers, for- instance the Db (U.S.S.R.), the lead time of the improved
forecost may be os long as 1. 5-2 months.
Another possible method for improving forecasts of the spring runoff of large
rivers is based on the data on the runoff of small rivers in the catchment. Floods
in small rivers develop appreciably earlier than in large riversa The mean weighted
maximum inflow t calculated from the discharge data of small rivers t is representative
of the maximum channel siorage in the catchment and determines the resulting runoff
at the basin outlet to a considerable extent. If such relationship is not sufficiently accurate the total infl.ow from the small- rivers, extrapolated from their
typical recession curves, can be used as the independent variable.
6.6

Forecasts of maximum discharge and stage

One of the main factors governing maximum discharge of the high~water period
is the volume of runoff. As a r.ule, the greater this volume, the higher is the maximum discharge and stage. Both these elements thus depend to 0 certoin extent on 011
the various factors governing the volume of spring runoff. The maximum high-water
discharge is influenced to 0 consideroble extent by the rote ond pottern of snowmelt.
The maximum stage is often influenced by ice jams. Owing to substantial variations
in snowmelt conditions from one y~ar
the next! the relationship between the spring
runoff volume and the corresponding maximum discharge fluctuates. Nevertheless, it
is sufficiently apparent for many rivers.

to
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The closest relationship between spring runoff volume and maximum discharge
is found on rivers with large variations in runoff volume and a relatively short
snowmelt period, for example, in the rivers of the steppe and forest-steppe region.
The relationship is least apparent on small rivers in areas with a long snowmelt

period and a large amount of liquid precipitation in spring.

The spring high-water

pattern of these rivers often depends entirely on the weather and several crests may
occur.

Short-term forecasts

The main methods used in the short-term forecasting of discharges and stages
(which includes the forecosting of maximum discharges and stages of spring highwater) have been discussed in Chapter 5. When used in cannexion with sufficiently
large rivers with a well-organized gauging station network, these methods make possible sufficiently accurate forecasts of discharge and stage maxima and their time
of occurrence, and allow to achieve reasonably long forecast periods.

Other methods are based on the computation of the snowmelt hydrograph. The
most common method for snowmelt hydrograph computation is the same as that used in

connexion with hydrographs of rainfall-induced floods (see Chapter 4 for details),
It represents the basin by a linear system whose output is mathematically described

by the convolution integral (equation 4.6.5) or, in practical computations,
discrete approximation (equation 4.6.4).
It must be remembered that under natural conditions the assumptions

lying the linear model are not fully satisfied.

by its
under~

For this reason, the model reflects

only approximately the process of spring high-water formation. However, since snow~
melt takes place simultaneously over large areas in low-land basins the linear
model can often be used for watersheds of thousand square kilometres in area.
j

The main difficulties in the calculation of the spring high-water hydrograph
arise in estimating the water yield and the

~nit

hydrograph for each basin. A large

numaer of methods have been proposed for the solution of both problems; their description is beyond the scope of this report and the reader is referred to standard

hydrological texts.
Some methods used in practice for the short-term forecasting of the mag~i
tude of maximum discharges do not make it possible t~ determine its time of occurrence. These include methods based on the relationships of the type Qmax = f (Smax)
or 0max = f (I max ) where Smax is the maximum volume of water in the channel system,
and I max is the maximum inflow of water into it.

The time at which maximum spring high-woter discharge (stage) occurs depends
mainly on meteorological factors and there is, so for, no satisfactory method for its
accurate forecast. Most of the practical approximate methods rely on the fact that

the formotion of streamflow in the channel system logs behind the snowmelt in the
basin. The simplest methods for forecasting the time of maximum discharge (stage)
occurrence consist in the use of empirically established correlations between the
date on which the spring high-water maximum occurs and certain previous dates indicative of the entry of meltwater into the channel system. For example, dates on which

- 70 the air temperature rises permanently above DOC or above some other positive value,
the date on which a certain number of positive degrees-days is reached necessary to

melt the amount of snow that brings about maximum discharge, or the date on which
spring high=water crests appear on small rivers in the basin.
6.7

Forecasts of inflow into lakes and reservoirs

Long-term forecasts of inflow into reservoirs during the spring high-water
period and its distribution in time are of considerable importance in planning the
operation of hydro~power stations and multi-purpose water management schemes. Forecasts of inflow into lakes are equally important. Their significance stems not only
from the fact thai, as a result of the construction of hydro-power plants, many lakes
have assumed the role of reservoirs! but also from the need for forecasts of the

maximum lake levels.

Quite often the rise of loke levels results in the flooding of

large stretches of adjacent land and causes extensive property damage.

The main source of lake and reservoir water supply is the inflow from the

incoming streams. In closed lakes (lakes without outflow) the total inflow is
offset by evaporation losses. In open lakes (lakes with outflow) a large amount of
water is lost as runoff.
While large lakes usually have many inflows, they have seldom more than one
ou.tflowing stream. Because of seasonal variations in inflow, precipitation and
evaporation, the storage and water level of lakes do not remain constant during the

year.

The lake fills up during the period of high inflows and its water level rises.

During periods of low inflows, the amount of water accumulated in the lake·is

de~

pleted by runoff and evaporation, and the level of the lake gradually declines. A
similar regime is characteristic of reservoirs with the difference, however l
that
their outflow is regulated artificially.
The level and water surface area of lakes or reservoirs, as well as the rate

af outflow, are directly related to the amount of water they contain. The first two
relationships are governed completely by the terrain topography while the shape of
outflow rating curves Q = f (h) or Q = f (5) depends on the cross-section of the outflow channel and the slope of its water surface. The discharge of water from manmade reservoirs is determined by the hydraulic properties of the outlet structure.
The relotionships between the storage capacity and water level h = f (5), water surface area A = f (5), and discharge Q = f (5), are necessary for water balance
calculations.

The main difficulty in water balance calculations is

connected with the

determination of the water surface oreo which changes with the rate of inflow l precipitation and evaporation. For this·reoson, the calculation is carried ·out by
successive approximation.

Maximum water level in a closed lake depends on:

total water inflow;

the

amount of evaporation during the period when inflow exceeded evaporationi the initial

water level in the lake;

and the time pattern of water inflow and evaporation.

This

- 71 last factor has a considerable influence where evaporation is large and the calculation interval is long.
In the case of low evaporation and inflow concentrated within a short period
the maximum level of a closed lake depends mainly on the initial water storage and
the amount of inflow. Such conditions are characteristic of lakes and ponds which
are fed by snowmelt. In this case, there should be a close relationship between the
volume of inflow, the initial level and the maximum level, the nature of which is
given by the shape of the volume curve of the reservoir.
Changes in the amount of water within an interval of time in an open lake,
or a man-made reservoir, depend on:
(a)

Surface and groundwater inflow;

(b)

Amount of precipitation on lake surfacei

(c)

Outflow from the lake or water release from the reservoir, including
loss due to seepagei

(d)

Evaporation from the water surface.

The water balance equation for an open lake has the following form:
LI S = 0.0864

(1 - 0)

LI t + 1000 (p - E)

A

(6.7.1)

6 3
where ~s is the change in water storage in 10 m during an interval of dt days;
I and 0 are the mean inflow and outflow in m3 /sec, respectively; P and E o£e precipitation on and evaporation from the lake surface in mm, respectively; A, is the
mean areeof the lake surface in km 2 for time 6t.
Equation (6.7.1) is used for approximate computations of daily changes of
lake storage and outflow. Where applicable, an additional term may be incorporated
into the equation to take account of seepage and other losses.
The maximum water level during the passage of a flood through an uncontrolled lake (reservoir) is reached at the moment when outflow equals inflow. It
depends on the initial water level and the volume of temporarily accumulated water
during the period when inflow exceeded outflow. This volume depends in turn on
total inflow during the flood and the shape of flood hydrograph. In general, the
temporarily accumulated volume of water in the lake and thus the maximum water
level, increases with the slope of the rising limb of the inflow hydrograph (the
shorter the interval into which the inflow is concentrated the less water can flow
out from the lake).
j

j

The problem of long-term forecasts of water inflow into lakes and reservoirs
during the spring high-water period is in principle the same as that of forecasting
the spring runoff volume for an individual river. From the viewpoint of water
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resources management, distinction must be made between the total inflow, and the
Huseful" inflow, i.e. inflow after water losses due to evaporation. If there is a
cascade of reservoirs on the river, a further distinction must be made between the
inflow from the upstream reservoirs and the lateral unregulated inflow from basins
corresponding to the reaches between two successive reservoirs.

These forecasts are complicated by the fact that the inflow hydrograph is
unknown at the time of the long-term forecast of the spring inflow volume (at that
time of winter when the water equivalent of snow is close to its maximum). For this
reason, long-term forecasts of the maximum water level of lakes aTe based on an

approximate relationship between this level and the total lake inflow during the
spring high-water period, 0, and the initial level ho ' The relationships
hmax = f (Q, ha ) are constructed on the basis of observational data from previous
years. This type of relationship makes it possible to issue forecasts of the maximum
lake water levels at the same time as forecasts of the spring inflow volume.
It should be noted that errors in long-term forecasts of maximum lake levels

depend largely an the accuracy of forecasts of inflow during the spring high-water
period.

C HAP T E R

7

LONG-TERM RUNOFF FORECASTS FOR RIVERS IN MOUNTAINOUS REGIONS
The development of methods for forecasting the runoff of rivers in mountainous regions entails great difficulties due to the fact that the necessary initial
data aTe very scarce. The inaccessibility of high mountain areas,. which are of the
greatest importance for determining the runoff, limits the possibilities for organizing hydrometeorological observations and obtaining the required data. A considerable effort, as regards supplies of both equipment ond technical facilities and also
observing staff, is necessary to carry Qut the work even on a limited scale.
7.1

Features of the regimes of rivers in mountainous regions and basic methods
for long-term forecasts of discharges

For many river basins situated in mountainous regions, for instance in central
Asia or western Canada, the main sources of runoff are glaciers and the winter accumulation of snow. The rivers of the Pamirs are almost entirely fed by glaciersi it is
here that the Ganges, Indus, Yangtze and Mekong rise. Snow is of considerable importance in feeding the rivers of Siberia, Colorado and the upper reaches of the
Missouri and its eastern tributaries. In the conditions-prevailing in the Caucasus,
the Alps, and many mountainous regions of the U.S.A., ljquid precipitation as well as
snow plays an appreciable part in the runoff process. The feeding of mountain rivers
by groundwater is, as a rule, closely related to other sources of supply and in this
connexion plays a secondary role. The area covered with perennial snow and glaciers
usually represents only a relatively small proportion of the catchment area4 The main
couse of the year~to~year variations in the discharges of mountain rivers is therefore the variability in theannuala.c.cumulatiGn of snowa-nd t-h-eamount of liquid precipitation during the melting season.
A characteristic feature of mountainous river basins is the vertical stratification of the climate and other physical and geographical conditions. Thus, the
formation and melting of snow cover does not occur at the same time at different
elevations and extends over a long period of time.
Initially melting only occurs in the lowest elevation zone of the river basin
and extends upwards to higher zones as the air temperature rises. Consequently, the
area contributing to snowmelt does not remain constant but varies with height according to the extent of melting and the disappearance of snow in the lower zones. A
decisive factor in these variations is the elevation distribution of the catchment
area and the amount of snow at different elevations. Due to climatic conditions, the
primary period for runoff of meltwater is May-August in the northern hemisphere.
Figure 7.1.1 shows hydrographs for two typical central Asian rivers with
catchment areas at different heights above sea-level. As can be seen, the increase
in discharge of the river with a catchment area at a great altitude occurs later, due

- 74 to lower temperatures at higher elevations. However, both rivers exhibit sharp
discharge fluctuations which are characteristic of all mountain rivers. They are
caused by variations of air temperature and partly by" the occurrence of precipitation. When the mountains have an appreciable snow cover, any significant increase
in temperature leads to a sharp increase in the flow due to melting and -conversely
a decrease in temperature entails a decrease in the flow.
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Figure 7.1.1 - Hydrographs of the Bartang (1) and
Chirchik (2) rivers in central Asia
The increase in the discharge of mountain rivers in spring-summer is a very
favourable feature of their regime when the water is used for irrigation in that it
tends to coincide with the increase in water demand for irrigation of cotton, rice
and other crops.
As a rule the amount of precipitation increases with elevation. The duration
of the cold period also increases with height. Consequently, the higher the river
basin is situated, the more important snow cover becomes for the runoff. The monthly
distribution of the runoff during the spring-summer period depends on the rate of
melting and the distribution of catchment areas with elevation.
The losses of water due to absorption in mountainous basins have not l as yet,
been adequately studied. However l the results of investigations indicate that in
many cases the conditions for absorption of meltwater vary appreciably less from year
to year than the amounts of snow cover and precipitation. This fact makes it possible to neglect them in developing methods for long-term forecasts of runoff.
The most favourable conditions for long-term forecasts of the spring-summer
runoff of mountain rivers are when the amount of heat received during the year ensures
the complete disappearance of the season's snow cover and the amount of summer

- 75 precipitation is relotively law. Under such conditians, there should be a direct
relationship between the amount of water stored in the snowpack and the spring-summer
runoff, which can perhaps be used for forecasts. It is possible to issue such forecasts at the end of the period of snow accumulation, but their accuracy depends entirely on the accuracy of estimates of the amount of snow.
A different situation arises in river basins where relatively large amounts
of water come from glaciers. In such river basins the runoff in the spring-summer
period depends not only on the seosonal amount of snow but also on the supply of
heot in the glacial zone. With the same amaunt of snow the runoff is appreciably
greater in a warm summer than in a cool summer. An additional complication in the
long-term forecasts of the runoff of mountain rivers is also introduced by summer
rainfall if the amount varies greatly from year to year. It is impossible to estimate these two factors without long-term meteorological forecasts and this limits
the possibilities of hydrological forecasts.
The variations with time of spring-summer runoff, being entirely determined
by the melting of the snow and the elevation characteristics of the river basin,
depend ultimately on weather conditions~ Thus without taking the latter into account,
there are limited possibilities of runoff forecasts for periods less than the period
for the disappearance of all snow in the river basin, for example, for a month or
ten-day periods. Observational data on the elevation of the snow-line are of great
importance for such forecasts because they enable the areas where the melting is in
progress to be determined more reliably.
In order to develop a method for long~term forecasts of runoff in mountain
rivers it is necessary to have a certain minimum amount of initial data. Among these
are:
(a)

Cartographic data, from which the distribution of the catchment area
with elevation can be determined. This distribution is the most important characteristic of a mountain basin, and without this information
it is not possible to estimate either the accumulation of snow or
variations in the area of snowmelt;

(b)

Data on precipitation and water equivalent of snow;

(c)

Data on air temperature and other meteorological elements, which are
necessary to determine the period of snow accumulation and snowmelt in
the various elevation zones;

(d)

River discharge data, necessary to determine the travel times, the
runoff for various periods of time, and to formulate empirical numerical
relationships;

(e)

Data relating to variations in the elevation of the snow line in the
mountains, required to assess the area of snowmelt.
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A brief account of methods for the determination of the most important parameters used in the analysis of the runoff of mountain rivers and in the development
of m.ethods for runoff forecasting will be given in the following sections.
7.2

Hypsographic curves

Hypsographic curves of a mountainous river basin show the distribution of
the area of the basin according to elevation. As already mentioned, these aTe used
to determine:

(0)

Periods of snow accumulationj

(b)

Amounts of snow in the basin;

(c)

Areas of simultoneous snowmelt.

Contour maps of the basin are used for drawing hypsometric curves.- The choice

of scales of the charts used for drawing contour lines depends on the size of the
area of the basin and the total range of elevations within it. Usually, the smaller
the area of the basin, the larger the scale of the map should be.
The rang~s of elevations comprised between successive contours depend on the
entire elevation range in the basin. The greater the range, the larger the elevation
interval employed. An example of area elevation curve for a basin is given in
Figure 7.2.1.
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- 77 The mean elevatian above sea level of a river basin is calculated by the
formula:

(7.2.1)
where CPlt rp2 I ' . ' cp are the relati~e oLeos of ~levation zones expressed as decimal
fractions of the to1:01 basin area, HI' H , "" H are the mean elevations of zones.
2
n

7.3

Determination of air temperature at various altitudes

In order to calculate the amount of snow on the ground and the duration of
the period of snow accumulation in the various zones of altitude in the basin, it is
necessary to know the air temperature in all zones of altitude. Frequently, however,
information on air temperature in the mountains is either totally lacking or inadequate. In the absence of direct observations use is made of the law governing the
variation of temperature with elevation. Dry air (containing no water vapour)
cools by approximately loe every 100 m of ascent. Air containing water vapour cools
by only 0.S-0.7°C for every 100 m of ascent. The slower cooling of moist air is
caused by the release of the latent heat in the process of condensation of the water
vapour. However, the constancy of these values of the vertical temperature gradient
only becomes apparent when mean annual values of air temperature are compared. During comparatively short periods of time (month, ten days, 24 hours), even within the
same mountain region, they vary quite appreciably due to the variability of meteorological conditions and the nature of the underlying surface at various elevations.
Snow cover, for example, has a considerable effect. The heat which is expended in
melting the snow leads to a further cooling of the air when it ascends over a zone
covered with snow. The location of a temperature-measuring station has a considerable effect when determining the temperature gradient.
In practice, for long-term hydrological forecasts! the temperature gradient
means and monthly means, using the following

is usually determined from ten-day
formula:

(7.3.1)
where 8 1 is the air temperature at the lower station, 82 is the corresponding air

temperature at the higher station, taken fram the graph of the relationship
e2 = feel); ~H (m) is the difference in the elevation between the two stations.

Having calculated the temperature gradients for each month, the annual
variation is determined and this is used to find the air temperature at different

times of the year.
In calculating the air temperature from the vertical gradient, the following
formula

1S

used:

(7.3.2)
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~

where 8H is t-he ai-r temperature at elevation H, -Sst is the air temperature by
observation at the station, and the remaining quantities are as before.

Temperatures of the air calculated from the vertical gradient are not accurate and all available direct observations should be used.

From formula (7.3.2) the elevation of the DoC isotherm, H ' can be calculated.
O
Setting SH = 0, and replacing 6H by HO - H ' we obtain:
st
H = 100 Sst + H
a
st
YS
where H
1S the elevation at which observations of air temperature
st

(7.3.3)

est

are made.

In regions with an insufficient number of observing stations, or where the
method described above gives very inaccurate results I consideration could be given
to the use of maps of the height of certain constant pressure levels (for example,
1000, 850, 700 an·d 500 mb). As a consequence of the hydrostatic equation the difference in height between two levels is a very reliable measure o~the mean temperature of the layer concerned.
7.4

Approximate methods for assessing snow accumulation

The determination of the amount of water in snow in a mountain river basin
is a fundamental and most difficult task in runoff forecasting; it is the main
factor on which the success of forecasting depends.
Snow cover in the mountains is by no means uniform. To determine accurately
the amount of water in the snow would necessitate an exceedingly large number of
observations. It is impracticable to carry out such observations in hardly accessible r and in some cases inaccessible, mountains. As a result, the winter accumulation of snow in a mountainous basin is only roughly approximated.
In general, the mean amount of water in snow in a basin can be expressed by
the following formula:

where Wn(i) is the mean snow water equivalent in the ith altitude zone of the basin,
and ~i is the relative magnitude of the zone area.
Since r however, the individual snow water equivalents cannot be accurately
determined, the resulting quantity represents an index rather than the true value of
water equivalent of the snowpack.
A brief account of three simple methods for determining indices of snow accumulation in mountains is given below.

- 79 -

The first of these methods is based on the data of snow surveys which are
conducted in many mountain river basins. Snow surveys in mouritain river basins are
conducted at various elevations along given routes at "fixed snow measuring points.
Where such data are available for a sufficient elevation range, the average amount

of water stored in the catchment in the form of snow may be calculated by formula
(7.4.1) in which the overage snow water-equivalent of a zone is replaced with that
for a'snow survey in the given zone.

If readings at certain snow survey points cannot be obtained! the following
procedure is sometimes used. The curve of the variation of mean snow water equiva-

lent (the "norm" N) with height is plotted and for each snow survey point a modular
coefficient for the year in question is calculated from the snow measurement taken
at that point; i.e' l the ratio of the measured amount to the average amount,
K. = wn(i)
1

From this ratio, using the curve of the variation of mean snow water

N

wn(i)

equivalent with elevation, the amount of snow water content in each elevation zone,

Wn(i)

= KiNwn(i)

is determined.

The overage water equivalent of snow in the catch-

ment is then calculated from formula (7.4.1).
Another method of estimating the amount of snow is based on measurement of

the quantity of precipitation falling during the cold period.

If there are a large

number of meteorological stations in the catchment area situated in different elevation zones, the amount of snow is calculated by determining the total precipitation

during the cold period in each zone ond then multiplying the average depth by the
area of the zone.
Fairly often, however, the number of meteorological stations in a catchment
is small and they are situated only at the lower elevations. In this case it is even
more difficult to determine the amount of snow in the mountains. It may sometimes be
necessary to resort to a vertical precipitation gradient using data from observational stations situated at different altitudes in neighbouring drainage basins.
The precipitation gradient is calculated in the same way as the air temperature gradient from the formula:
= lOO(P

~P

l - P2 )

aH

(7.4.2)

where PI is the total precipitation at the lower station; P2 is the corresponding

total precipitation at the upper station taken from the graph of the relation
P = f(P l ); and aH is the difference in height between the upper and the lower
2

station in metres. To plot the graph of the relation between the precipitation at
the two stations, the monthly totals are usedF Once the precipitation gradient has
been established, total precipitation -at any elevation zone can be calculated from

the formula:
(7.4.3)
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where Pst (mm) is the total precipitation measured at the reference meteorological
station in the catchment; Hst (m) is the. elevation of the reference station; H is

the average elevation of the zone for which tqtal pre-cipitation is being det"ermined.

The period for which the precipitation for each elevation zone should be
accumulated is determined by the air temperature at the station and the temperature"
gradient. First the air temperature-versus time rela~ionship at the mean elevation
of each zone during the transitional autumn and spring periods is plotted. This is
necessary in order to determine the t~me at which the air temperQture passed below
DoC in each elevation zone.
When the beginning and end of the cold period for
each zone have been established in this manner, the total precipitation in each zone
during the period in question is calculated from the precipitation data during the
period at the lower station and f~om the precipitation gradient. The average depth
of precipitation in the catchment is calculated by taking into account the surface
areas of the different elevation zones.
In the two described methods the quantity of water in the snowpack is expressed as an average depth over the whole catchment area. In the third method,
data on precipitation during the cold period are used, but they are expressed not
in the form of an average depth of water but in the form of a comparative quantity
of ac'cumulated snow,
(7.4.4)
wher~

all a21 •• 01 an are numerical coefficients expressing the relative share in
the formation of runoff of given sections of the catchment area, and kl , k2 , •.• , kn
are the corresponding relative amounts of accumulated snow calculated from SQ~O
on precipitation during the cold period.
This method can be applied when there exist a number of meteorologicol
stations situated i·n different zones of the catchment areo. The comparative amoun.ts
of accumulated snow are calculated in the following way: For each station the mean
amount of precipitation during the cold period is calculated and also the meon deviation.. Using these two values for each year and for each station, one calculates
the relation between the deviation in a given year to the mean deviation 1 i .. e.:

The figures for a given year obtained in this
situated in typical zones (parts) of the catchment to
used in equation (7.4.4). In years with little snow,
snow accumulation have 0 minus sign and in years with
sign; in years in which precipitation is near to the
to zero.

way are averaged for stations
obtain the coefficients Ki
the comparative quantities of
a lot of snow they have a plus
normal, their value is close-

The last procedure is adopted in cases of large mountainous drainage basins
with varying precipitation accumulation, where it is impossible to establish the
gradient. The coefficients ai' are usually taken as equal t~ the share of the runoff
from that part of the basin in which a precipitation measuring station 'is situated.
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Techniques for improving the estimates of snow accumulation in mountainous
~

Areas with high mountains, where most of the snowfall in a catchment takes
place, are often difficult for access, and are sometimes often completely inaccessible for snow survey teams. In such cases, snow survey workers are often dropped
by parachute from helicopters at different points in the catchment area. Such landings, hawever, are fraught with great difficulty and with danger to the lives of
personnel because J when approaching snow-covered surfaces, the helicopter blades set
up a cloud of loase snow which sharply reduces visibility.
To obtain fuller information on snow cover in the catchment I in addition to
snow surveys carried Qut at ground level, readings are taken from aircraft (or from
air photographs) of snow stakes set up during the summer snow-free period. These
stak~s, usually made of light metal, have crosspieces at every 20-50 em of height,
which can be distinguished from the air. The distance between the crosspieces on
the stakes is not of great importance. Thus, if the distance is 50 cm, reading
error at anyone point is usually found to be 10-20 cm, depending on weather conditions (in clear weather, it is more reliable to take readings from the shadow of the
stake); this may amount to an error not greater than 5-10 per cent if the snow is
several metres deep. On the other hand, in view of the scanty number of observation
points and also in view of varying depth of the snowpack, the error in the calculation of the total amount of snow in the catchment will of necessity prove to be
much greater than 5-10 per cent.
It should be pointed out that such stage readings give only the depth of
snow and not the water equivalent, but this deficiency is unimportant for two reasons.
In the first place, variations in the density of snow are considerably less than
variations in depth, and second, for many areas fairly accurate relations have been
established "between snow density and the wind, air temperatures, -dept-hef snow e-over,
and the length of time it has been lying.
In addition to snow surveys, a variety of measuring devices are also used,
such as radioactive isotopes and snow !'pillows".
In order to obtain a more detailed picture of the distribution of snow cover
throughout the catchment area, aerial photography surveys are conducted in some
countries, the films being subsequently processed by stereophotogrammetric methods.
This system gives the best approximation to the actual snow depth distribution. But
like all other photographic methods it can only be applied in open or slightly wooded
country and, in a~dition, it is a labour-consuming process in large catchment areas.
In such cases it is necessary to establish statistically the minimum area of air
survey coverage giving a picture of snow distribution in the area that is sufficiently
reliable for practical purposes.
7.6

Determination of the seasonal snow line elevation

The elevation of the snow line is of great importance for forecasting runoff
during the melting period when it is necessary to know the remaining quantities of
snow on the ground and the effective area of the catchment.
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Until recently, hydrological services were regarding the elevation of
the snow line for forecasting purposes as the elevation of the lowest point of the
rema-ining snow cover at the time the forecast was made. This was too rough an approximation. In many cases, theodolite and phototheodolite surveys were made to
determine the snow line elevation.
At the present time, a number of meteorological satellites are constantly
circling the earth and the practice of analysing television pictures obtained from
satellites shows that they can be used for hydrological forecasting and, in particular, for determining the snow line elevation", Wflen satellite photographs aTe used,

a number of special problems arise, three of which are relevant to the snow line
determination.

For the purpose of synoptic analysis, this problem is solved by superimposing a grid. For hydrological purposes, a grid is either far too inaccurate or,
during the period of sharp contrast when snow is melting, it makes the photographs
difficult to interpret because the lines represent a superfluous amount of details.
But it is easy to see that the generalization involved in adding contours to aerial
photographs is very similar to cartographic generalization. For this reason, clearly
marked contours on photographs and maps of the same scale coincide. Although, in
broad outline, the delineation of the river network on photographs coincides with
that on maps, the resemblance is not perfect since wide valleys or flood plains are
clearly visible on television photographs, while on maps it is the river pattern
which stands out more clearly. A characteristic dentritic pattern of river systems
in mountain areas makes it easy to recognize and reference on the photographs the
drainage areas in which the forecaster is interested.

The main difficulty in interpreting snow cover is to distinguish the snow
cover from clouds. It is not particularly difficult to identify frontal cloud over
snow in mountainous areas, but on clear days local convective clouds may form over
mountains, and these are hard to distinguish; in such cases, the matter may be
c-larified by analysing the synoptic surface chart and at the same time comparing
the dentritic pattern of a given river system on photographs taken at different
times.
To fix the elevation of the snow limit, the geographical position of its
outlines must be accurately determined, but this is sometimes difficult. Moreover,
to determine the quantity of snow in a catchment area, the outline of the whole
basin must be established which is not possible from the photograph because the
watershed divide cannot be seen. In such a case the areal extent of the snowpack
is found from the hypsographic curve (Figure 7.2.1) wIth the aid of points of
known elevation (for example, hydrometric stations) which. can be identified on the
photograph.
in
IIl_9~sessing the acc·uracy of this method it must be borne in mind that
reality the snow limit in m-ountalns ·represents a ·strip with horizontal width of about
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10-15 km and altitude of 300-400 m, in which there is a gradual transition from
unbroken snow cover to slopes entirely free of snow. The mOTe broken the relief,
the wider is the strip between the entirely snow cov~red and snow-free terrain.
It has been established that the further an observer stands from the slope, the
narrower and clearer the line appears, while from the height of a satellite, this
belt is transformed into a clear line defining the limit of snow.
In cases, where,

for one reason or another (possibly because the catchment

is thickly wooded), there are no systematic observations of the snow line but only
isolated data, the "hydrological" method of calculating its position is employed.
For this purpose it is assumed that the snowmelt runoff coefficient and the melting
coefficient are constant. It is then easy to establish a relationship between the
observed elevation of the snowline, the runoff during a short time interval (one to
three days), and the sum of positive degree-days. The form of this relationship is
closely related to the shape of the hypsographic curve (see Figure 7.6.1).
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7.7

hypsogrophic curve

Calculations of snowmelt inflow in mountain catchments

The laws governing the melting of snow in mountains are generally the same
as those in plains because of the same heat source. In mountain conditions, however,
snowmelt is more strongly affected by a number of factors - local slopes, the extent
to which they are shaded by neighbouring peaks, microclimates, and forest cover on
slopes. Owing to the greater depth of the snow cover, the variation in the radiational properties of snow and its heat conductivity playa greater role in the melting process than in the plains. For this reason I the hydrophysical properties of the
snow cover have a greater influence on the course of the melting process. The inflow
of meltwater into streams and its travel time are affected by the complex geological
and geomorphological conditions of the mountain area.

- 84 All these circumstances make it necessary to pay particular attention to the
detailed study of the formation of snow cover and the melting of snow in mountains.
Research of this kind is being done in most countries where mountain rivers ore
largely fed from meltwater. The results of this research are used in hydrological
forecasting and make it possible to estimate the ·variations in the heat balance
during the melt period. The methods referred to in the previous chapter for calculating snowmelt from heat balance equations can equally be applied to mountain
catchments lfthe above-mentiDned considerations are taken into account. In practical
snowmelt calculations for large catchment areas, snowmelt coefficients for the ore a
in question established on the basis of experimental data, or the correlations of
heat balance elements with meteorological factors are often used. In this connexion!
the duration of the melting period has an important influence on the value of the
melting coefficient. While in low-land catchments this period lasts for twenty to
thirty days, in mountain catchments with a large elevation range it may last for as
long as three to four months. Of course the role of direct solar radiation increases
from spring to summer.
The amount of meltwater formed during a given period in an area on which
snow is melting simultaneously is given by the formula:
n

Q

=

(7.7.1)

D.1

where Q is the depth of meltwater ~xpress~d in mm over the whole catchment! ~ is the
area of simultaneous melting of snow expressed as fraction of the whole catchment
n

area, a is the coefficient of melting in rom/degree, .1. D. is the sum of positive
1
degree-days, and n is the number of days.
l~
l
Denisov has constructed a model for calculating meltwater runoff hydrographs
on the basis of th-e formation of meltwater runoff in a mountainous cotchment. Computer calculations using this model show a good agreement between the calculated and

the actual hydrographs (Figure 7.7.1).
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7.8

Forecasting runoff during the growing season
The method of forecasting snowmelt runoff in mountain rivers in spring-

summer boils down to the relationships between the runoff for this period and the
amounts of water in the catchment at the end of the period of snow accumulation. If
approximate methods are used to evaluate the amounts of snow, the independent varia-

ble of the relationship

1S

not an absolute quantity but only an index showing

the

year-ta-year variations of snow accumulation.
As examples, two relationships for forecasting the runoff of mountain rivers
during the growing season are given in Figures 7.8.1 and 7.8.2. In the first case,
the snow accumulation in the catchment was expressed as the mean water equivalent
found from the data of a snow survey at the end of March, while in the second example the snow accumulation is expressed in the form of an index, calculated from the
deviations of precipitation from the mean during the period October to March, as
described in Section 7.4.
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- 87 Such relationships involving correlations aTe satisfactory for mountainous
catchments in which liquid precipitation is of minor importance for the runoff. In
all cases where the proportion of summer runoff due to rain is high, the accuracy
is found to be appreciably lower. In this case the part of the variation in the
proportion of rainfall-induced runoff is apparent in variations of the total runoff
during the forecast period. It sometimes happens that in spite of the high proportion of the rainfall-induced runoff, errors in the forecast are not so large because
of its small variation.

An example of such forecasting chart is given in Figure 7,8.3,

If liquid

precipitation is important, then, in formulating the relationships, it can be taken
into account either by combining the precipitation with the index of snow accumulation and taking tns sum as one variable, or by using the precipitation index as an

independent variable.

In both cases, at the time of the forecast the index

for

subsequent precipitation has to be taken as equal to the mean.
Indices for the amount of summer precipitation in a catchment are determined
in the same way as indices for precipitation during the cold period when there is
snow lying on the ground.
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In developing methods for long-term forecasts of streamflow in mountain
rivers/ it is important to make a careful study of the features of the regime of

each river and to identify those areas or particular c~tchments in which the bulk
of the runoff originates; it is also important to make a careful study of the
features of the progress of snow accumulation; to identify the role played by summer
precipitation, and to determine the characteristics of absorption in the catchment.
In the absence ·of sufficient initial data it is difficult to carry out such an
analysis. For this reason t in practical forecasting use is often made of simpler
correlation! in particular between the runoff and the precipitation during the cold
pe-riod or the depth of snowpack as recorded at a single station which is sometimes

not even situated in the catchment in question.

The reliability of this type of

correlation depends on the representativeness of the station concerned.

,

c

For purposes of irrigation during the growing period in the northern hemisphere, two or three long-term runoff forecasts may be made depending on the time
of sowing and planned watering. For the first forecast, indices of snow accumulation
are used, calculated either from precipitation data or from snow surveys carried out
at the end of February. In preparing the second forecast, the chief basic figure is

the index of snow accumulation calculated from the same data at the end af March.
In the highest mountain catchments, snow accumulation continues up to, and including,

May. The April discharges in the rivers of such basins are usually low. The
forecast for May to September is made at the beginning of May from data of snow
accumulation at the end of April.
The reliability of the index of snow accumulation is the principal factor on

which the possibility of long-term forecasts depends.

But there are at least two

othe-r factors which may have a significant effect on the runoff and consequently on
the closeness of its correlation with the snow accumulation index. These factors,
a's we have already mentioned, ore summer precipitation and the level of groundwater.
In the drainage basins where groundwater inflow accounts for a substantial
proportion of total runoff during the growing period and where it varies significantly
from one year to another, the accuracy of forecasting techniques can be increased by
taking the groundwater into consideration. This can be done by determining the
relationship between the snow accumulation index and the runoff from which groundwater inflow, calculated independently, has been deducted, or by using an index of
groundwater inflow as an independent variable.
In the first case, the expected mean discharge during the growing period is

determined as 0 ~ 0 + 0 9 where 0 s is the mean discharge due to snowmelt and current
year's precipitatio~, and Q is the mean groundwater inflow.
g

In the second case, an index of groundwater inflow is used as a second

variable in constructing an empirical relationship of the form 0 ~ few • Og)' As a
first approximation, the groundwater Lnflow index can be represented e~ther by the
lowest mean monthly flow of the river during the previous low flow period or by the
l'unoff during the growing period of the previous year on which the level of groundwater depends.
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7.9

Forecasting monthly runoff of mountain streams
The following are the main factors on which the runoff distribution during

the snowmelt period in a mountainous catchment depends.

(a)

The altitude of the catchment, i.e., the areal distribution
of the catchment elevation above sea level;

(b)

The water equivalent of the snow cover and its distribution
in elevation height zones;

(c)

The time pattern of snowmelt process;

(d)

The amount of summer precipitation and its distribution in time.

For many rivers, a relationship has been determined between the meon discharge of the river during the whole spring and summer period, and flow during

individual months.

In wet years the average monthly discharge is usually above the

average in all months, and it is below the average in dry years. At the same time,
in wet years the relative value of discharge in the months of flow maximum is, as a
rule, greater than the relative discharge values in the other months.
Using these relationships, it is possible to approximateJ.y estimate the
distribution of mean monthly discharges during the period in question. This is of
greatest practical importance when the discharge of the river is expected to be
either exceptionally high or exceptionally low. In many cases it is possible to
estimate the percentage distribution of the monthly flow. For instance, Abal'yon
has obtained a territorial relationship for the rivers of Central Asia between

long-term mean monthly discharges (as percentages of the annuol discharge) and the
proportionQ-f tneG-at-cnme-ntar-ea i-ndi-f-ferent elevation zones • . An example is s-hown

in Figure 7.9.1, where the actual May discharges are related to those calculated by
the equation

Qc

= 0.34

Hl . 5 _2 . 5 + 0.19 H2 . 5 _3 . 0 + 4.8

(7.9.1)

where H denotes elevation index, the numerical subscript giving the altitude range
in kilometres. On the basis of these relationships, features of the runoff
,distribution during the growing period in different years have been determined,
taking into account the peculiarities of the elevation distribution of snow
accumulation in the year in question. This approach makes it possible to' forecast
the runoff distribution in accordance with the expected deviation of air temperatures
from the normal.
Forecasts of runoff distribution during the months of the growing season are
useful as a rough guide. The technique described above is too coar~e and does not
give sufficient accuracy. For operational use it is necessary to issue monthly
runoff forecasts one month ahead, from one month to another.

Monthly runoff forecasts present a more difficult problem because of the
important influence of weather conditions on runoff and the need to take into account
such factors as the remaining snow accumulation in the catchment and the elevation

-90 of the snow line. Ru.noff formation during the vo-rious m:o-nth·s of the growing '5e-esan
varies which means that the technique-of fore-casting will -cilso vary. "Runoff is
primarily affected by the weather candi Hans during the first three months of th,e
growing seas,on when the are.o o·t simultaneous snowme] t and the residJJol snow.Gover
in the cot.c-hment are largely dependent on air temperature~ In the second half of
the growing season, when discharges gradually .begin to decline, the influence of

weather conditions is less maikeu.
As the lower zones are freed from snow and snow accumulation in t-he :higher
zones diminis"hes,1 !the --residual quantity of snow and _th~ area 6f simultaneous :;:;nowmelt become the main factors determining the runoff. Bofh thes,e factors depend to
a great extent on the initial accumulation of snow and on snowmelt conditions durin,9
the preceding :period. This means that] when direc-t observations of thes'now line
elevation _and the -disappearance of the snow Gover are l-ac·kinR, data on air temperature during the preceding period of s.n owme It can be used as an indirect index..
Thus" fo,r ex-ample, for forecasting the June flow -oJ the Enisey River 'at Kras-noyars:k,
a relations-hip nas been u-sed whic'h can ,be ex-pressed analytic-ally in t-be fOTm_:

~here 'QVI is t.he 4-une flc)w
~n

the

·cat-chme,n-t.., and B
V

i?

-mm"J w I,~ is -_an~1ntlexof t~e 'ma~imum s-now accumul,ation
t-he -aver-age alr temperature 1n 'May.

-1.5

The relation :~_etw:een -:it~he _'rIver 1:"-unaf-f one the -aIr -tenw-e,ratuxe .du ri'l19 the
preceding _periodc-an olso :be 'us_ed ~as-an _indirect _index of t:he-reduction 'oJ -snaw
accumulation 1-1':'1 the cat-c'hmen.t; f:oriostance, -for the 4\.ngre-n River,- thefalldw_ing
relation hoLds
o

{7.9.3~

whereQ _ is the mean discharge in April-'May, -and
1V V
temper-a,tu-te ,clurin.9 the -s-cmeperlod.

Bj.v_V is the mean air

A sim'i1ar relationship is also used for forecasting the July now :in 'high
mountain .cat'c'hmen-ts in w'hidp fhe maximum dis'charges :occurat 'Ehe :e:no aT July arnd
the be:ginning of August. Forecasts of ,mon,th1y runoH in those months of thegro.wing
season when dischcxge,s fall are us'ually ·btlsedon functions ex:press.i-l':'I.9 th'e normal
value of this de<:r:ease, f~r examp1e,QIX ~ f:(QVIII}' where QIX is th;> mean, 'cis'c'barge
fo:r September, and Q
as the mean
da-scharge for August. Somehmes the meon
VII1
discharge in the second or third ten-dayperioclof the preceding month is used as
the argument of the function.
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FORECASTS RELATED TO THE LOW-FLOW PERIOD

Low-flow period is defined as the period during which the inflow of water
from the catchment into the river system is substantially reduced.
is made between winter and summer low-flow periods.

A distinction

During this period r the overwhelming majority of rivers are fed exclusively
by the inflow of groundwater and only in a few areas is this supplemented to a small
extent by snowmelt during brief thaws (in winter) and by short summer storms.

The regime of rivers during the low-flow period is also influenced conby physical and geographical -factors, such as the size of the river basin,
its marshiness and the number of lakes it contains. Lakes have a considerable
regulating effect on river discharge during the low-flow period.
s~derably

8.1

Baseflow and its regime during the low-flow period

Groundwater storage, which constitutes the main source of runoff during the
low-flow period, consists of two categories of water, namely, the deep groundwater
whi~h is usually under pressure, and the shallow groundwater.

Reserves of deep groundwater depend on the geological structure and hydrological features of river basins. They are not subject to sharp variations in time
and r~present the most stable source of base flow. Its amount is usually estimated
on the basis of the minimum s-Umrner or winter discharge in the river when there is no
inflow from other sources.

Unlike deep groundwater, the shallow groundwater is located in the active
zone of storage.

For this reason, its amount in the river basin varies considerably

both during the year as well as from one year to the next. Shallow groundwater
reserves are replenished mainly in spring by snowmelt and rainwater. In areas with
considerable precipitation and groundwater table near the surface, the recharge of

shallow groundwater may also take place in autumn.
During the low-flow period, the groundwater reglme is characterized by the
gradual depletion of seasonal reserves. Unfortunately, it is virtually impossible
to make direct measurements of seasonal water reserves in the active zone of groundwater storage. For this reason, the extent and progression of their depletion can

be judged only from streamflow and its variations during the low-flow period.

As

seasonal reserves of groundwater become depleted, the rate of streamflow decreases

and at the end of the low-flow period it reaches a relatively stable minimum which
is governed by the inflow of deep groundwater.
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At the end of the spring high-water season or

0

large flood, when the inflow

of water into the basin ceases completely, some water is still stored in the
channels, lakes and marshes and its reserves are depleted over a certain period of
time. It is extremely difficult to determine the residual reserves of snowmelt and

rainwater as well as the rate at which they are depleted. It is safe to say only
that, in general, both its value and the duration of depletion depend on the size of
the basin, its marshiness and the number of lakes it contains. It is important,
therefore, in studying the pattern of variations in base flow during the low-flow
period, to select as the starting point the time when the residual reserves of
surface water in the basin are relatively small.
If there is a linear relationship between discharge and storage then the
variations with time of the depletion rate of the groundwater storage are described

by the expanential equation:

OCt)

= (0

o

og ) e-et

+ 0
g

(8.1.1)

where Q and Q are initial discharge in the river and the discharge of deep ground~
water, °respec{ively, t is the time c is a constant representing the rate at which
seasonal storage of groundwater is depleted.

For the type of depletion describeg by equa!ion (8.1.1) there is a linear
relationship between the mean discharges, Q
l
equal duration T,

and

Q2' in {wo successive periods of

(8.1.2)
where a = e

-ct

There is indeed a linear relationship between mean discharges for successive
periods of time (ten days, month) for many rivers (Figure 8.1.1), when rainfallinduced runoff does not play an important role.

This empirical finding justifies

the use of formula (8.1.1) for runoff forecasting (the forecasting procedure
employing the two above formulae is sometimes referred to as the "linear tendency

method") •
Given an empirically established relationship between mean ten-day or mean

monthly discharges 02 = aa + b (such as one shown in Figure 8.1.1), the parameters
l
c and 0 can be determined from the following formulae:
g

b

(8.1,3)

--r:;;-'
where a is the slope of the line

O2 = f(Ol)' and b is its location parameter.

It also follows from formula (S.l.?) that the mean discharge for any period of
time T is a linear function of the initial discharge 0 01
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= KQ

a

(8.1.4)

+ (l-K) Q

g

where

K= 1 - e
ct

-et

(S.1.5)

---

Experience shows that the m~nlmum rate of baseflow Q often varies
considerably from year to year. This happens in river basin~ where seasonal storage
of groundwater fluctuates within wide limits J and it indicates that the minimum

discharge at the end of the low-flow period does not reach the state corresponding
to 0 relatively stable part of baseflow fed by deep groundwater.
The existence
of a relationship between minimum discharge Q and runoff volume for the previous
high-water season is characteristic of rivers 9 whose basins are overlain by a deep
layer of soft sediment and karst. In years when there is considerable runoff during
the high-water period, groundwater storage in such basins is replenished to a larger
extent{ and this results in a higher minimum discharge. The depletion of groundwater
storage in these basins may take place over a period of several years.
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Figure 8.1.1 - Relationship between mean
discharges in previous (Q ) and
subsequent (U ) months (C~irchik River)
2
Figure 8.1.2 gives an example of the relationship between m1nimum discharge
on the river Murgab at the end of the low-flow period and runoff during the previous
October to May period. It reveals that the minimum discharge value is influenced not
only by the spring high-water runoff in the current year but alsa by runoff during
the low-flow period in the previous xear.

(8.1.1), the empirical relationship Q - 0
.

..
_eterm1ne
the_coeff1c1~nt c.
d

2 .g
"

In su~h cases, as is obvious from formula

= f(O

1

- 0 ) must be established to
g

-

-

Construct1on of the relotionship O = f (0 ) or
2
1
O - Q = f (Ql - Q ) 1S based on the use of mean ten-day or mean monthl¥ discharges
g
2
g
for the periods when there was no rainfall-induced runoff. The beginning of the
depletion of groundwater storage is taken as the time at which the shape of the

- 95 recession of spring flows changes abruptly;
quite easily from the hydrogroph.

this point can usually be identified

Formula (8.1.1) can be used to identify the rainfall component of runoff
during the low-flow period.
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8.2

Methods of forecasting some water regime elements of

rivers in the low-flow period
Forecasts of the following elemenxs of the water regime of rivers in the
low-flow period are of the greatest practical interest:

(a)

Runoff for the entire low-flow period or for specific
shorter periods of time;

(b)

Flood discharges and stages;

(c)

Mean and minimum monthly stages.

- 96 -

Runoff forecasts are important to hydro-power stations and forecasts of
stages of navigable rivers are valuable to inland water transport.

Methods of forecasting rainfall-induced floods have been discussed in
Chapter 4 and cre therefore not treated here.
Seasonal runoff forecasts
Long-term flow forecasts for the entire low-flow period can be compiled for
rivers where the rainfall component of runoff does not playa significant role.
Such favourable conditions are found in arid regions, including some mountainous

areas.

Under these conditions, formulae (8.1.1) ond (8.1.4) moke it possible to

calculate the discharge recession curve and runoff for the entire low-flow period
(on the basis of the initial water discharge) for a period of six to Seven months

ahead.
An example of the relationship between mean discharges which was used in
determining the values of the parameters c and Q for the river Chirchik is given in

Figure 8.2.1.
Q(t)

Formula 8.1.1 for this basin assu~es the following form:

= (Q

o

and the formula for

_ 65)e -0.29t + 65

(8.2.1)

forecasting the mean flow for the August to February period is

QVIII-II = 0.16

Q

0

+ 54

(8.2.2)

Mean discharge for five days (from 30th July to 2nd August) is used as the initial
discharge Q •
o
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In geographical regions where rainfall contribution to runoff during the
low-flow period plays a significant role, possibilities of compiling long-term
runoff forecasts are considerably limited, as it is impossible to foresee the
extent of future rainfall. In these conditions, there is only one way of forecasting runoff, namely, by using equation (8.1.4) to forecast groundwater runoff
and to statistically evaluate the probability of supplementary rainfall-induced
runaff •

The most favourable conditions for forecasting monthly runoff ore encountered
in areas where the rainfall component of runoff does not playa significant role.
In such cases, mean discharge in the forthcoming month is determined by_using the

relationship between mean discharges in the consecutive months, Q = f(Q).

Such

relationships aTe easy to determine empirically from past observational acta. The
variable 01 need not necessarily represent the mean discharge for the whole previous
month but may refer, for instance, to a mean ten-day discharger such as discharge

from the 10th to t~e 20th of the month. In the latter case, the forecast of the mean
monthly discharge Q can be issued on the 20th of the previous month.
2
In areas where the rainfall component of runoff during the low-flow period
does play an important role r the possibility of compiling monthly runoff forecasts
depends on variations in precipitation and the nature of the river basins themselves.
Relatively small variations in precipitation from year to year mean that the relationship between previous and subsequent runoff can be used for forecasting purposes.
However, the accuracy of forecasts in this case is rather low. If precipitation
varies considerably, monthly runoff forecasts become virtually impossible unless
fut-ure precipitation can be taken into account.
Possibilities of for~ca.stingrunoff for large l-ewland rivers are generally
somewhat more favourable than for small rivers because rainfall-induced runoff in
iarge rivers lasts much longer and! consequently! precipitation does not affect
monthly runoff so quickly. For this reason, not all precipitation in a given month
influences runoff during the same month. Runoff is greatly influenced by precipitation during the second half of the previous month! information about which might be
available when the forecast is issued.
In practice! monthly runoff forecasts for quite large lowland rivers are

based on the use of empirical relationships of the following two types:
(a)

The relationship between mean discharges for the previous
and following months and actual precipitation during part

of the first and part of the second month

(b)

The relationship between the amount af water in the channel
system of the basin at the end of the previous month, S ,
actual rainfall! and mean monthly discharge

Q = f (S , p)
a

a

- 98 An example of

0

relationship of the first type is shown in Figure 8.2.1.

Relationships of the second type aTe similar in nature •. In some cases! forecasts
of acceptable accuracy can be compiled on the basis of- the simpler relationship
between mean monthly discharge and the initial channel storage.

The total of effective precipitation l which is used as the second independent variable, is found as a weighted average J taking into account water travel time
from various parts of the basin. For large rivers, for example, where the travel
time is thirty days and more, the total of effective rainfall should, generally
speaking, consist of precipitation for the entire previous month for the most distant
parts of the basin, precipitation during the last two ten-day periods of the previous

month and the first ten-day period of the fallowing month for the middle part of the
basin, and precipitation for the last ten-day period of the previous month and for

the first two ten-day periods of the following month for the lower part of the basin,
so that
(8.2.3)
- where 'PI' l{J2' iP , are the proportions of the basin area in increasin.g order of

3

travel time,

PI' P2 , P3

are the corresponding mean precipitation depths.

In developing a method for forecasting mean monthly discharge it is thus
important to make a careful analysis.of rainfall runoff formation, the effectiveness
of precipitation, and the travel time. In some cases a closer relationship can be
obtained by taking account of the extent of antecedent moisture in the basin.

The accuracy of the relationship can theoretic oily be improved by taking
future precipitation into account.

In practice, however, the value of future

precipitation must be usually assumed to be equivalent to the lang-term mean which
precludes a significant improvement of forecast accuracy.

As the stage is directly related to discharge, the methodology of forecasting mean monthly stoges is based on the same principles as forecasts of mean monthly
dischorges. In the final analysis, the problem becomes one of constructing empirical
relationships of the types

where h is the average stage in the following month, 0 is mean discharge in the
2
previous month (or in the last ten-day period of that mbnth), P is precipitation,
and So is the initial channel storage on, for example, the 25th of the previous month.
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These forecosts are based on patterns of the depletion of channel and groundwater storage. Observation data indicate that, if there is no large inflow into the
basin, the recession curves of different floods ·can be fitted by a common exponential
function

(8.2.4)
where n is a constant varying from 0.5 to 1.5. Although formula (8.2.4) yields
acceptable results, it should be noted that the shape of recession curves can be
regarded as constant only as a first approximation. The characteristics of the
distribution of the amount of water in the channel system and on the surface of the
basin may have a considerable influence on the value of the coefficient a. Data on
variations in channel storage for the same initial discharge 0 0 can be employed to
improve the accuracy for estimating this coefficient. If for a given 0 0 the average
channel storage is 5 and that corresponding to a specific flood is S, then the value

of a will be related to the value of

sIS.

An example of such relationship is given

in Figure 8.2.2. The value of a does not remain constant in time. Its average time
variations can be established empirically. Forecasts of discharges based on equation

(8.2.4) yield fully satisfactory results.
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FORECASTS OF THE FREEZE-UP AND BREAK-UP OF ICE
RIVERS, LAKES, AND RESERVOIRS

Ol~

In winter, many rivers in temperate latitudes are covered with ice.

The

period for which they remain completely frozen, as well as the thickness of the ice,
depend on climatic conditions which vary from year to year. The dates of freeze-up
and ice break-up on rivers often vary within a range of thirty to fifty doys, and
rivers in certain southern regions do not freeze up every year. These large variations in freeze-up and ice break-up dates on rivers have a considerable influence
on the length of the navigation season. For this reason, ice forecasts are of
particular interest to inland water transport.
9.1

The freezing of rivers, lakes, and reservoirs

Changes in the water temperature of rivers! lakes or reservoirs is the result
of heat exchange between the water and its surrounding bodies, namely, the air and

channel bed.

The primary role is played by heat exchange through an open water

surface.
The transformation of chemically pure water from a liquid state to ice takes
place at oOe. Fresh river water freezes at close to that temperature. Experiments
have indicated that the supercooling of water, required for the intensive formation
of ice crystals in the river flow, does not exceed a few hundredths of a degree.
Calculations involving heat transfer in water are most simple if calory
(col) is used as unit of heat, centime~re (em) as unit- of -distance, and degree
Celsius (OC) as unit of temperature. This is so because the ealery is a unit based

on heat properties of water, in porticulor~ 1 cal is defined as the omount of heat
necessary to raise the temperature af 1 cm of pure water by lOCo Theoretically,
the temperature could be equally well meosured in kelvins (K) but the Celsius scale
is more convenient when dealing with ice phenomena, because it is the OOC temperature
at which the melting and freezing starts ond which is thus used os the basic reference level;

as a result, the amount of heat stored in water with temperature

9= DoC is considered to be zero.
Since the emphasis in this report is on the operational aspects of forecasting rather than strict adherence to a given system of units, I'calory'l will be used

in this chapter insteod of "joule" which is the proper unit for heat quantity in the
Internotional System of Units (1 cal = 4.185 J).

- 101 Taking advantage of the above units, the amount of heat stored in·the water

is given by the simple formula
m=

va

(cal)

(9.1.1)

3
where V (cm ) is the volume of water and 9 (OC) is the water temperature.
2
Heat calculations are usually related to a unit area of water surface of
1 em so as to avoid the use of large numerical values. Accordingly, the heat
2
content should also be reloted to the same units, i.e. to the water column of 1 em
cross-section and a height equal to the depth of water, so that

(9.1.2)
where H (em) is water depth, and 9 (oC) is the average water temperature throughout the depth H.
The total amount of heat contained in the river flow is characterized by a

variable called the heat flow rate defined as
Q = 1,000
m

9 Q (kcal/sec)

(9.1.3)

3
where Q (m /sec) is discharge.
Changes in the temperature of streamflow depend on variations in its heat
content. In a reach whose length corresponds to the water travel time of one day,
and providing that heat exchange in this reach is the same as that in the upstream
reach, the heat content of the flow at the end of the day (in kcal) is equal to
m = 86.4 10

6

9 Q = 86.4 10
2

6

9
1

Q

+ qA

(9.1.4)

3
where Q (m /sec) is water discharge, 9 and 9 are the initial and final water
1
2
temperatures, respectively, q (kcal/m 2 ) is the heat flux (positive if e > e ,
negative if 8 < 9 ) of heat exchange surface, and A (m 2 ) is the area of heat

2

exchange surface.

1

When the final water temperature is given as

qA
+---"7'86.4 106 Q

(9.1.5)

Heat exchange between the water in the river and the surrounding environment reflects a large number of complex processes. Factors which directly influence
heat exchange are as follows: direct and scattered radiation, effective radiation,
evaporation and condensation of water vapour, heat exchange with the air, heat
exchange with the channel bed, the heat of ground water, the heat brought by tributaries entering the river, the heat content of precipitation, and the kinetic energy
of the flow itself. Of courser not all these factors carry equal weight in the
heat exchange process. Some of them r such as the kinetic energy of the flow!
precipitation and heat exchange with the river bed, do not have a marked influence
on changes in water temperature during short periods of time and they can, therefore,

- 102 -

be neglected. Some of these factors cannot betaken into account at all due to the
lack of measurements. Consequently, the most important OTe the meteorological
factors which influence heat exchange through the op~n water sorface.
Methods for the calculation of ~adiation heat excbange, heat exchange with
the air, heat losses due to evaporation, and heat influx due to condensation are
similar to those discussed previously for snowmelt calculations. The basic data
necessary for the calculation of heat exchange are air temperature, humidity, wind
velocity, cloud cover and initial water temperature.
An important factor affecting heat exchange is the turbulence of streamflow,
which depends on the nature of the channel and flow velocity. This factor governs
the intensity of heat flux to the surface of the water-air boundary, and is termed
the heat yield coefficient, ~ (cal/cm 2 day °C). According to Shulyakovsky its
approximate value can be calculated from the formula
L

~

= 1745 v + 106 u

(9.1.6)

where v (m/sec) is the mean flow velocity and u (mfsec) is the mean wind velocity
at the height of 10 m above ground surface.

The freeze-up of rivers, lakes., and reservoirs is prec-eded by the following
formation ph-ases: formation of border ice, the first forms of floating ice, -and
drift ice of various density of packing.
The cooling and subsequent freezing of water in rivers, lakes., and reservoirs takes place in an irregular manner. It starts near the banks where the water
is shallow and turbulence low, and where the border ice is first formed. With the
further cooling of the water J the area of border ice gradually increases and is
accompanied by the beginning of mass formation of ice crystals within the main streamflow -channel. These crystals, rising to the surface and freezing together_, c-onstitute the first forms of floating ice. Ice scum on calm lowland rivers and slush ice
constitute unique accumulations of frazil ice, which is solid on the surface and
forms a loose mass below.
Small and large lowland rivers freeze in different ways. Small rivers with
a sluggish current usually freeze over as a result 'of the rapid extension of border
ice towards the middle. For this reason,dri ft ice is virtually never present.
The freeze-up· of large rivers is usually preceded by a relatively long autumn period
of drifting ice which grows thicker as the weather gets colder.
The drifting ice is held up at sharp bends in the river, in narrow stretches
and near islands and[ at the same time, the ice floes, both surface and submerged,
freeze together and the river freezes over in an upstream direction. Relatively
large stretches of open water remain downstream of ice dams and here the formation
of floating ice continues. In this way, large lowland rivers freeze over in sections
between which large open areas of water remain that freeze over at a much later date.
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Ice reefing often occurs at points where flow is obstructed.
The freeze-up of rivers with a very rapid current is preceded by intensive
slush-ice formation. Enormous amounts of frazil ice form in such rivers owing to

their high carrying capacity.

They also freeze over as a result of the blockage of

ice, and t~e freezing process proceeds in an upstream direction. Very often, the
stoppage of ice is accompanied by ice jams which cause sharp rises in water stage.

The duration of the autumn drifting ice period on large rivers depends on
the intensity of water cooling, the size of the river and the amount of water it
contains. Experience shows that for each river, depending on the amount of water it
contains/there is some critlcal air temperature which is necessary for the freeze-up
of a given reach. At temperatures above the critical valuer the drifting ice period
may continue for a long time, particularly on rivers flowing from north to south.
Lakes and reservoirs usually start freezing over from the banks, and ice
formation extends into the middle as freezing becomes more intensive. On large
lakes and reservoirs, floating ice and its drift due to wind action plays an
important role in the freezing process.
9.2

Short....term forecasts of ice formation and freeze-up dates

As already indicated, the formation of floating ice on a river begins when

the surface layer of water is cooled to ooC. At depths below the surface, the water
temperature at this time is still positive. The problem of calculating the date of
floating ice formation therefore consists in determining the date on which the

surface layer of water cools to OOC, by calculating heat exchange through the open
water surface.
In its general form, the heat balance equation for the surface of the waterair boundary at a given time during the cooling period can be written as
a

(a-a

sur f

) +

B =a

(9.2.1)

where a is the heat yield coefficient of the water mass, a is the mean temperature of
the flowing water mass, 8
f is the surface water temperature and B (cal/cm 2 ) is the

sur
loss of heat through the surface of ' the water-air boundary.

The first term in the heat balance equation represents the heat flux in the
water towards the air-water interface. The second term is the resultant value of
heat exchange at the water surface, which includes short-wave and long-wave radiation,

the latent heat of evaporation and direct heat exchange with the atmosphere.
Equation (9.2.1) is correct as long as the surface water temperature does not

drop to OOC. From this time on, the heat balance can be maintained only by the
release of the latent heat of ice formation. It therefore follows that the appearance of ice on the surface of the water is

possible only when there is an inequality
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betw_een the two heat fluxes J
Q

9 < _I> .
n n n

or, in other words, when the temperature of the water mass

(9.2.3)
Here the subscript n indicates the moment at which these inequalities appear.

In this way, using the inequality (9.2.3), the date an which ice formation
begins can be determined by comparing the product a e and heat losses B, calculated
a few days in advance. Even the calculation of approximate values ofa,e , and 8
is a difficult task. Since the conditions of the cooling of water keep changing it
is necessary to take the following factors into account:

(a)

The distance upstream at which the cooling is taking place;
i.e. the initial water temperature must be taken at such a
distance upstream the travel time from which is equal to
the calculation- period;

(b)

The average depth of the river in the reach where cooling
is taking place;

(c)

The mean values of air temperature and other meteorological
elements necessary for the calculation of heat exchange in
the reach where cooling is taking place;

(d)

Heat flux from ground water;

(e)

Heat flux from the channel bed.

A method for calculating the time at which ice appears on rivers has been
developed by Shulyakovsky. He proposed a series of approximate formulae to be used
in various cases for the calculation of water temperature in relation to streamflow

velocity, the relative role of heat flux from ground water, and also the period for
which air

temperatu~e

is averaged.

The general formula for the determination of water temperature in a given

reach at the end ·of the calculation period has the following form
n

+
aK + (a.+K) YCp
+ a.d + (a+K)q
aK + (a+K)'Ycp

~

e·1

(e

-(n-l)a

- e

-(n-i+l)a)

hI

(9.2.4)
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In this formula
a =

a~is

r

K + (<t+K)
(a+K)

Ycp

]t

hcp

the initial water temperature, e is the basis of natural logarithms,

n is the number of days from the beginning of the calculation, a is the heat yield
coefficient (calculated from formula 9.2.1.), k is the heat exchange coefficient,
d is the specific heat exchange at an air temperature equal to the water surface
temperature,7 is the specific inflow of groundwater, h is the overage depth of the
river, c is the specific heat of the water, p is the water density, 8 is the mean
daily air temperature, t is the unit of time used in the calculation (days), i is the

ordinal number of the time interval from the beginning of the calculation, q is the
specific heat flux consisting of: gb - heat flux from the channel bed, qs - heat
flux from groundwater, q - heat flux as a result of the conversion of the kinetic
energy of the flow into fhermal energy.

As has already been stated, the possibility of the appearance of ice in a
given river reach on a given date is determined by comparing the calculated water
temperature value a with the ratio - Bn on that date. If this ratio is smaller
n

than the calculated water temperature, ice cannot appear on that date. If it is
larger it means that ice can appear not only on the date for which the calculation
is made, but also earlier. In this case, the calculation should be made for previous
days until a negative result is obtained, i.e. indicating that ice formation is
impossible.
Shulyakovsky gives the following recommendation regarding the variables used

in formula (9.2.4):

(0)

Initial water temperature 8 0 is obtained from measurements from a
gauging station upstream on a date preceding the time of
calculation by a period equivalent to the water travel time;

(b)

Water travel time is calculated as
T=

~,
u

(9.2.5)

where:; and ~ are, respectively, the mean values of the water
travel time and flow velocity in the reach, IJ is the average

flow velocity during the calculation period. The latter
value is determined from graphs of the relationship u = f (H)
for the upper and lower ends of the reach;

(c)

The overage depth of water in the reach is calculated
approximately by the formula
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h =

QT

(9.2.6)

A
where Q is the average discharge in the reo-c-h fo-r,.the cdlculction
period, T is the water travel time, and A is the ~~ter surface
area;

(d)

Air temperature

e is

obtained from weather forecasts as the

mean daily average for the calculation period;

(e)

Specific heat exchange at an air temperature equal to the
water surface temperature, ci, is expressed by the equation

d

= Rw +

R' + R'

e

(col/em

2

day)

(9.2.7)

where R is the solar radiation absorbed by the water, R' and
R'

w

are, respectively, effective radiation and heat losses
e
due to evaporation, both at an air temperature equal to the
water surface temperature;

(f)

The heat exchange coefficient is expressed by the following
equation

k = (Re + R'e) + RT + (R-R')
e surf -

e

( co 1/cm2a dOC)
y,

(9.2.8)

where R is the heat lost by evaporation, R is the effective
radiati5n, R is the turbulent heat exchange with the oir,
T
and the other values are as defined before;
(g)

The values of the heat flux from the chonnel bed and groundwater can be evaluated only approximately. The heat flux
from the channel bed qb depends on the time of the year, the
latitude of the area, and the depth of water. In October,?
for example, at a latitude of 40 0 it varies from 20 cal/cmper day at depths of about 15-20 m, to 30 cal/cm 2 per day
for shallow water; the corresponding figures for a latitude
of 70 0 are 15-20 cal/cm 2 per day. Heat flux from groundwater
amounts to about 30-40 cal/cm 2 per day for lowland rivers.

The liberation of heat as a result of the conversion of part of the kinetic
energy of the flow into thermal energy amounts to a few calories in the case of
lowland rivers and con be neglected . . The heat liberation valu~ is significant in
deep mountain rivers with steep slopes (several tens of col/crn

per day).

Heat flux from solar radiation, heat losses from the water surface owing
to evaporation, turbulent exchange, and effective radiation are determined by

methods described in Chapter 6.
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The method for the calculation of the time of appearance of ice described
above can be used for short-term forecasts if air temperature forecasts are available several days ahead. The experience acquired by the weather service of the
U~S"S.R.in compiling short-term air temperature forecasts indicates that they can be
used for ice forecasts. The accuracy of forecasts of the appearance of ice is
affected most of all by errors in the sign of the anticipated air temperature;
such errors, however, are rare.

Calculations of the commencement of ice formation on
Iakes-and-r~servoIrs--------------------------------

The inequality (9.2.2) can be used not only for rivers but also for lakes

and reservoirs if the water temperature e is regarded as the average temperature
in the mixing layer. In quiet water, und1sturbed by flow and wave action, the
commencement of ice formation in the main part of the body of water coincides with
the beginning of the freeze-up.

If average flow velocity in a given part of a lake or reservoir does not
exceed 0.05 m/see, the date of the commencement of ice formation determined by means
of the inequality 8 ,;. - B/a

is taken as the date on which freeze-up begins.

At

flow velocities ove~ 0.05 m/sec the date of the beginning of freeze-up is not the
same as that when lce formation begins, and must be determined separately.

Empirical methods can be used for the development of a short-term forecasting methodology if observational data are available on water temperature, ice
phenomena and air temperature for a sufficiently long period. These datQ make it
possible to establish a relationship between initial heat reserves and either the
heat l.osse-s nee-ass-cry fer ic-e tOClppea-r, art-heir indirect dwtdcteristic. The
total number of degrees of negative mean daily air temperatures (total number of
negative degree-days) -are used as this indirect characteristic.
The main factors determining the initial heat storage in a river are initial
water temperature and depth of water. Figure 9.2.1 shows the relationship between
the number of degree-days required for ice to appear and the initial water temperature and depth of water, L D = f (°0 , h). By initial temperature is meant the
temperature of the water the day before the air temperature drops below zero.
A simpler forecasting method is based on the relationship between the
mlnlmum number of degree-days required for the appearance of ice and the initial
water temperature.
Forecasts of the commencement of freeze-up on rivers, lakes, and reservoirs
------_._------------------------------------------------------------------By the commencement of freeze-up on rivers is usually meant the formation
of the first ice jams. As previously mentioned, these jams (or ice dams) are first
formed at points where flow velocity is reduced, near islands and at bends in the
river. Ice floes become stuck, freeze together, and the freeze-up proceeds in an
upstream direction.
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At leost two conditions must be sotisfied to permit the formotion of the
The first is intensive water cooling which results in the agglomeration of drift ice into a solid mass. The second is that the air temperature should
not exceed a certain critical value at which the ice floes freeze together rapidly
and a sufficiently intensive ice formation process is maintained. The length of the
drifting ice period in autumn therefore depends on the intensity of water cooling,
the size of the river and flow velocity. The latter variable is of course related
to the amount of water in the river. It therefore follows that the totol amount of
heat lost by the water, and the critical air temperature necessary for the beginning
of freeze-up on a given reach, depend on the water storage in the reach, and thus on
water stage.
first ice jams.

In procticol calculations, the total number of degree-days, beginning from
the moment that floating ice appears, is used as the indirect characteristic of heat
losses. Therefore, if observational data extending over many years are available,
the development of a method for forecasting the beginning of freeze-up consists in
determining, for each reach of the river, relationships between stage and the minimum total number of degree-days, and stage and the critical air temperature, i.e.

min :ED = f (H)
and

0crit = f (H)

- 109 The value of stage in these relationships is taken either just before the
freeze-up or on the day when floating ice appeared. It is preferable to use the
stage before freeze-up if the stages during the period of drifting ice vary
considerably. If they vary only slightly it is better to use the stage value on
the day of the appearance of ice.

A similar method is used for forecasts of freeze-up on individual sections
of lakes and reservoirs. The only difference is that the basis ·used to determine
the minimum number of degree-days necessary for freezing OYer is the initial water
temperature and that the critical air temperature is determined in relation to wind
velocity.
9.3

The build-up of the ice cover and forecasts of ice thickness
on rivers

After the water has frozen over, ice thickness gradually increases during the
course of the winter. This increase is due to heat loss from the water mass through
the ice cover and the snow covering the ice. The heat loss thus depends on the
thickness of the ice and snow layers.
A distinction is made between two types of ice on rivers, lakes and reservoirs, namely, board ice which is formed as a result of the freezing of water, and
so-called snow ice, which is formed by the freezing of the water-saturated snow lying
on top of the ice cover. Water appears in the snow during thaws, precipitation, and
mainly as the result of its outflow onto the ice cracking under the load of the snow
cover. Snow ice differs in structure from board ice.

A number of formulae have been proposed for the calculation of ice thickness.
A simple approximate formula, proposed by Piotrovich has the form

v,
d

9

+ 86.4

g ZD

Ag

surf

--x-;;-

d

n

(9.3.1)

is initial ice thickness, d is depth of snow cover on ice, A and A are
go
n
9
n
the heat conductivities of the ice and snow, respectively, L is the latent heat of
ice formation, p is the density of the ice, andZD
f is the total number of degree9
sur
days for the ice surface or its snow cover summed for a period beginning on the day on
which the initial ice thickness is measured up to tke day on which ice thickness is
calculated.
where d

The heat conductivity of the ice is taken as being 0.0053 cal/cm sec °C.
The heat conductivity of snow is proportional to the square of its density. Formula
(9.3.1) is suitable for calculations in the absence of snow ice and slush ice under
the ice cover. If this formula is used, the snow surface temperature must be known
or calculated in relation to wind velocity and cloud cover.
Even simpler formulae are used in forecasts of ice thickness, for instance
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2:D

Il.d

g

= 6.2

d

surf

(9.3.2)

(cm)

ge

or

Il.d

g

= 0.65

-0.54
d
2:D (cm)
ge

In these formulae 6d
~D

g

(9.3.3)

is the increase in ice thickness for the calculation period,

is the total number of negative degree-dayst d

ge

is the ice thickness equivalent,

as regards heat conductivity, to the ice and snow cover, calculated by the formula

d

ge

= d +
g

Ag
-A-

d

(9.3.4)

n

n

The lead time of ice thickness forecasts depends on that of air temperature

forecasts.

It should be noted that calculations based on these formulae give only

one ice thickness value for points where it is measured, whereas the actual ice
thickness in pools and shoals varies.
9.4

Short-term forecasts of ice break-up on rivers, lakes, and reservoirs

Ice break-up on rivers occurs as a result of heat and mechanical factors.
Heat causes thawing and reduces the strength of the ice cover. The mechanical forces

of the flow disrupt and break up the solidity of the ice cover and carry it downstream. The relative role played by this factor in breaking up the ice may vary,
depending on the characteristics of the river regime.
The ice cover break-up proceeds most smoothly on rivers where spring highwater occurs after the break-up, for example, in the lower reaches of rivers flowing

toward the Equator. Here, the thermal factor ploys the predominant role. The amount
of heat required to break up solid ice cover depends on the thickness of the ice
cover itself.

The break-up process is different on rivers flowing polewords.

An important

role in the break-up of ice on these rivers is played by mechanical forces exerted

by the spring high-water wove.

Travelling downstream, this wove raises and breaks up

the ice while it is still very strong. The maintenance of ice cover on the lower
reaches of the river and th~ existence. of enormous amount~ of strong ice debris

result in the formation of massive ice jams.

Essentially the same type of break-up

process occurs on a large number of small rivers.

As a result of the rap~d rise in

water level caused by spring floods, the ice cover is broken up when it is still
extremely strong.
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However, regardless of the importance of the mechanical factor in the breokup of ice cover, the most important role is played by the thermal factor on which
depends the formation of the spring high-water wave and the variations in break-up
times from year to year.

A third factor which influences the break-up process on rivers is ice thickness itself. This factor determines the amount of heot used for the partial thawing
and weakening of the ice. The thicker the ice, the greater the amount of heot
required to break it up.
Typical stages in the ice break-up process on rivers are the formation of
flange ice, debacles, the break-up of ice over large areas and its subsequent
movement, a process which ends with the complete disappearance of ice.

Features of the break-up and disappearance of ice on lakes
cnd-re;ervoI;s--------------~----------------------------

The process of break-up and disappearance of ice on lakes and reservoirs is

governed mainly by heat flux, although the mechanical action of the wind and a rise
in the water level contribute significantly to speed it up. Due to the relatively
minor role of the mechanical factor in the break-up of ice on lakes and reservoirs!
ice disappears from them much later than from adjacent rivers.
The break-up of the ice cover on lakes and reservoirs usually takes place in
the following stages: destruction, formation of ice lanes and wind drift. Owing to
the intensive filling of reservoirs in spring, the formation of flanges plays an
important role in the first stage of the iceclestruction process. Wind waves which
form on the open water speed up the destruction of the ice cover.

Because of the great complexity of the ice break-up process on rivers, the
main methods of forecasting this phenomenon have not yet been perfected to the
desired extent. Several important aspects of this process cannot be taken into
account due to the lack of basic data. For these reasons, the methods presently
used for short-term forecasts of ice break~up on rivers are of an extremely
approximate nature.

Calculations of ice thaw by means of the heat balance method are basically
the same as those used to calculate snowmelt. The only difference is in the values
of certain of the parameters used. Fox example, the albedo of ice is less than that
of snow, and amounts to about 20-25 per cent. However, the lack of basic data for
the direct calculation of heat flux taking all heat exchange components into account
makes it necessary to use its indirect characteristics or simplified, more approximate methods of calculation.
The total number of degree-days of positive air temperatures is used as the
simplest indirect characteristic of heat flux. This characteristic is determined on
the basis of mean daily temperature as well as mean daytime temperature (for l3-hour
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periods). It is better to use the latter in areas where extensive thawing of snow
and ic.e occurs as the result of daytime thawing where mean daily air temperatures
aTe near to zero or even. slightly negative.

A simplified method of calculating heat flux, based on the use of formulae
for the calculation of snowmelt has become popular in forecasting ice break-up on
rivers. The"simplification consists in the fact that the calculation is made only
for daylight hours. For this purpose, cloud cover and wind speed aTe taken as
being constant and equ.ivalent to long-term averages, absolute air humidity is
determined in relation to its temperature, and albedo is taken as being equal to

0.5.

Needless to say that all these simplifications reduce the accuracy of the

heat flux estimate and give "it somewhat marginal significance.
The total number of negative degree-days for th~ duration of freeze-up period
is usually used as an indirect ~haracteristic of ice thickness. This indicator has
to be used because insufficient direct ice thickness measurements are available or
because they are not sufficiently representative.
The simplest methods used in the short-term ice break-up forecasts are based
on empirical relotionships of the type

lq

= f (m) ,

(9.4.1)

lq

=f

(d , LlH)

(9.4.2)

lq

=f

(lD,
Hw)
.

(9.4.3)

9

where!.q is the heat flux required to open up rivers on the reach in question, I D
is the total number of negative degree-days for the freez"e-up period, d is ice

thickness, LlH is the amount by which the stage is higher than its winte~ value, and

H is the maximum winter "stage.
w

An example of a relationship described by equation (9.4.3) is given in
Figure 9.4.1. In this case, the heat flux required for ice break-up purposes is
calculated beginning on. the date on which air temperature rises above OoC, omitting

the last three days before break-up.
The lead time of short-term ice break-up forecasts depends in principle on
the length of the period for which the air temperature forecast can be issued. In
practice this period is about faur to five days.

The formation of ice jams during the break-up of ice on rivers is a common

phenomenon.

They are particularly frequent on rivers on which the ice breaks up

mainly as a result of mechanical forces, and especially on rivers flowing pole~ard.
Ice jams form every year on a large number of rivers.
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Figure 9.4.1 - Amount of heat
required for ice break-up in
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degree days during the freezeup period, and maximum winter
stage (Dvina River)
Forecasts of the formation of ice jams and of rises in water level pre-sent
extremely complex problems which have not yet been adequately resolved.

Extensive practical use in forecasting is made of empirical relationships
between the date on which a certain amount of heat has been accumulated and the
date on which ice disappears from the open area of lakes and reservoirs. The amount
of heat required is determined in relation to ice thickness,

Lq =

p

d L = 73.5 d
g

2

9

(col/em)

(9.4.4)

wherep and d g are ice density and thickness, respectively, and L is the latent heat
of ice formation.
Experience has shown that, although heat flux calculations based on heat
exchange formulae are not very accurate, the relationship between dates on which the
required amount of heat is accumulated and· the dates on which ice disappears is in
many cases quite close. In this connexion it is found that, as a rule, ice actually
disappears a few days later than the date on which the theoretically required amount
of heat is accumulated~ This systematic discrepancy between these dates is explained
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by the fact that calculations of the necessary heat flux foil to take into account
the heat used in the thawing of snow.
In order to extend the forecast period, the necessary amount of heat is
determined not on the beals of the maximum ice thickness but on a somewhat lower

value (d

g

- 10 em, or so).

BulatoY has proposed to ~alculate ice break-up on reservoirs on the basis of

the fact that the destruction of the ice cover on o. reservoir. (wind drift) begins
when ice loses its strength under the influence of solar radiation. He arrived at
a relationship between the relative destructive shear stress of the ice cover,
and the amount of solar radiation absorbed,

1> = (1 - ~ R ) 2

Ro

~,

(9.4.5)

3
3
where R (col/cm ) is the amount of solar radiation absorbed, and R (cal/cm ) is
o
the maximum amount of solar radiation which Can be absorbed by ice before its
strength is completely destroyed. In this equation the value of R wos calculated on
the basis of the radiation properties of. the ice cover, obtained from laboratory and
field observations. These calculations were made at the same time as those of the
decline in the thickness of the ice cover by means of the heat balance equation.
Employing the theory of elasticity he found that

1> d

l
2

g

= o u

2
z

(9.4.6)

where u is the vertical component of wind velocity.
values ~easured at meteorological stations,
~

d

l

g

2

=

0.018u

2

Or, using the wind velocity

(9.4.7)

where 0.018 is a coefficient obtained empirically. This method can be used in
short-term forecasts of ice drift using a four to six day weather forecast. In this
connexion it was found that, in respect to a specific reservoir, the total heat flux
during the drift period voried little from year to year. Thus, if the amount of ice
at the beginning of drift is known from colculations, the meon daily heot flux during
the drifting ice period con be used to forecast the disappearance of ice from the
reservoir about five to seven days ahead without using weather forecasts.
9.5

Long-term ice forecasts

Long-term ice forecasts are of great importance in planning the beginning and
end of the navigation period and also in connexion with the construction of hydraulic
engineering works.

Ice break-up and freeze-up of rivers are the result of daily variations in
heat exchange conditions between the hydrosphere and the atmosphere on the one hond
and the hydrologicol features of rivers on the other. The decisive foetor governing
variations in ice conditions on rivers are the atmospheric processes, so that the

- 115 possibility of issuing the forecasts of the formation or disappearance of ice cover
at an earlier date than ather types of hydrological forecasts depends an whether
meteorological phenomena are taken into account.
Atmospheric processes and weather conditions are large-scale phenomena.
Annual deviations from long-term averages are quite small for many rivers. The
similarity of these deviations over considerable areas make it possible to divide
them into zones and this, to a certain extent, facilitates the task of finding
relationships between atmospheric processes and the occurrence of ice phenomena.
Studies in the field of long-term ice forecasts in respect of large geographical areas or large basins usually entail:

(0)

Studies of the specific conditions governing freeze-up and
ice break-up on rivers, identification of the most
important elements of the hydrological and metearological
regime, and evaluation of the role played by various factors;

(b)

An analysis of atmospheric processes bringing about the
transfer of cold and warm air masses into the region in
question and identification of their development patterns
within the general atmospheric circulation system;

(c)

Identification of the interrelationship between atmospheric
processes and ice phenomena, and definition of patterns or
characteristics which can be used to forecast the way in
which ice phenomena are likely to develop one to two months
ahead;

(d)

Statistical analysis of the recurrence of river freeze-up
and ice break-up times, and the determination of characteristics required to evaluate the effectiveness of the
forecasting method.

The water cooling process in rivers during autumn and the beginning of ice
formation depends on the frequency and intensity of the arrival of cold air or cold
waves. In various geographical regions these waves are governed by the characteristic features of atmospheric circulation and connected with various air mass
transfer processes. For this reason, not only their possible quantitative characteristics but also the time in advance for which the development of these processes can
be forecast vary. This explains differences in the methods used in the compilation
of long-term forecasts of the appearance of ice on rivers in such regions.
The best methad would obviously be the one that would make it possible to
forecast, as early as possible, the pattern of cold waves in time with regard to
their intensity. However, no such methods are yet available in meteorological
practice.
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The method for forecasting ice appearance times should therefore be based
mainly on on analysis of the characteristic features of atmospheric circulation.
It is known from practiced expe;rience that the same types of synoptic processes
repeat themselves over certain periods of time. A definite sequence of synoptic
processes during the period has been established and found to constitute closed
cycles/ so that it may be assumed that their sequence represents a certain pattern.
The sequence of synoptic processes during a season and from one season to the next,
as well as the relationship of these processes and air temperature anomalies, means
that they can be used for the development of forecasting methods. In the northwestern region of the European part of the U.S.S.R.,for example, the main factors
governing the advection of warm and cold air masses are their prevailing direction
and the intensity of westward currents. Latitudinal and meridional differences
in geopotential height of the 500 rob surface are used as the numerical characteristics of these two factors in this region while the sum of these two differences
is used as a general circulation index given as

where A and A are the values of geopotential to the west (Klaipeda) and to the
l
2
east (Vologda) of the region in question, 8 and 8 are the values of geopotential
1
2
in the southern (Warsaw) and northern (Murmansk) parts.
Figure 9.5.1 shows the relationship between the predominant air mass transfer
index C in Septem~er and deviations from the mean of ice appearance dates on
rivers in the Volkhov basin. This figure indicates that, in the case of large
negative values of the index C, reflecting intensive westerly transfer in September,
ice formation occurs later than normally, and vice versa. This relationship can be
used to compile long-term forecasts of times of ice appearance although, as may be
seen from the graph, the reliability of such forecasts is not very great.
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- 117 Similar circulation indexes, calculated as a difference in geopotential,
are used in long-term forecasts of dates of ice appearance in other regions of the
European part of the U.S.S.R. as well.
The commencement of ice formation on rivers in Siberia and the Far East is
associated mainly with the formation of the cold Siberian anticyclone and its ridge.
Figure 9.5.2 indicates the relationship between the dates on which stable anticyclones appear in the Baikal regian (which is usually the centre of the Siberian
winter anticyclone) and deviations from the normal time of ice appearance on the
Upper Lena River. Although the relationship is not very close, it clearly shows
that earlier formation of the Siberian anticyclone results in earlier ice formation
on rivers in the Upper Lena basin. Determination of the dates on which stable
anticyclones form calls for synoptic experience and is somewhat subjective. For
this reason, the compilation of forecasts is based mainly on numerical circulation
indexes similar. to the one discussed above.
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The methods at present used in compiling long-term forecasts of ice break-up
on rivers can be divided into two groups according to the development patterns of
atmospheric processes which aTe used to determine circulation indexes. Some methods
are based on a certain uniformity of atmospheric processes during the spring
synoptic season. Others rely on the use of patterns of the development of atmospheric processes from season to season.
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It follows from the uniformity of the processes which predominate throughout
the entire spring season, that their state at the beginning of the season cant to
a certo"in extent l be used to evaluate their features -during the rest of the season.
This feature of circulation can be used in ice forecasts when ice break-up on rivers
occurs in the second helf of the season. Figure 9.5.3 gives an example of a
relationship between the temperature characteristic of heat transfer in March and
deviations from the normal times of break-up on the Middle Ob River. The temperature
characteristic of heot transfer (calculated as a sum of positive departures from
mean temperature at three stations) which, in this region r is governed by southwesterly currents, is an index of the intensity of circulation. As may be seen from
Figure 9.5.3, large values of the temperature characteristics of south-westerly
currents inDicate earlier break-up, and small values suggest later break-up.

ID

-'=

+'

I-

20

c-

15

~

E
0
I
... ..Y.
4- 0
C

...ID

0..0

,'+'"' ID
,'>0"' ,'"'
U

ID 40

Q

1\

io \
5
0
-5
-10
-15

..•

•

•

.I». •

.• . ...
,'4

~

.'-, 'lO

20 40 60 80 lOOJ20

Heat loss characteristic, 1:..6.8

Figure 9,5,3 - Deviation from the
normal date of ice break-up on
the middle Ob River as 0 function
of a characteristic of heat loss
for south-westerly currents in
March

C HAP T E R 10
EVALUATION OF HYDROLOGICAL FORECASTS

The two main objectives of this chapter are as follows:

(0)

To evaluate the accuracy and effectiveness of each
forecasting method;

(b)

To determine the degree of success of an individual
operational forecast.

The first objective is to evaluate the usefulness and reliability of a
newly developed method before it is applied operationally. The second objective is
to determine the effectiveness of the method in actual practice, when it is used in
conjunction with operatinnal data. The statistical evaluation of the accuracy and
effectiveness of each forecasting method constitutes the important final stage in
the development of forecasting methods. Operational forecasts should be checked
routinely for possible revision of procedures.
The following requirements should be satisfied when forecasting methods are
evaluated:
Objectivity of evaluation criteria
Comparability of evaluations
The latter factor is important if a large number of rivers .and elements are
covered by the hydrological forecast.
The operational evaluation of the effectiveness of a forecast should include:
Identification of errors and their statistical evaluation
Collection of information on the effectiveness 0f forecasts

10.1

Principles underlying

·~he

a~d

warnings

evaluation of forecasting methods

The method used in forecasting any hydrological phe~omena can be regarded as
effective and its practical use justified only when the forecast error of a given
probability is less than the equally probable deviation of the forecast variable from
its mean. If this is not the case, then the method has no advantage over the use of
hydrologic or climatic long-term means. It therefore follows that the statistisal

- 120 evaluation of the effectiveness of the forecasting method should be based on
compo-risons of forecast errors with deviations of the forecast variable from its
mean va-lue. The simplest and at the same time most common method of evaluation
entails the use of the coefficient of determination
d .- 1 Y

(10.1.1)

whe-re S is the standard error of ,the forecast l and cr is the standard deviation
of the forecas.t variable.
Y

The standard error of the forecast is defined as

S)I.(Yf - y)2
n - m

where y is the true (observed) value of the variable, Yf is the forecast value,
n is the number of observations, and m is the number of degrees of freedom in the
relationship employed in the forecast method.
The determination coefficient is fully reliable in the case if bcrth the
deviations (y - y) and the forecast errors (Yf - y) have Gaussian (normal) distribution~
This coefficient can, however, be used as a first approximation for the
statistical evaluation of hydrological forecasting methods whenever the errors have
to be compared with the standard deviation. Virtually all long-term hydrological
forecasts satisfy these requirements. In other cases as, for example, in short-term
forecasts of discharges and stages, when the observed values at the time when the
forecast is prepared excludes the possibility of lower values (during the period of
rising water) or higher values (during recession 'periods), forecasting errors
should be compared with variations in the changes of the discharge or stage during
the p.eriod covered by the forecast. In this ca'se, use can be made of a statistical
parameter similar to the determination coefficient,

S2

(10.1.2)

2
crt!.
where 0Ll is the standard deviatio,n of the forecast variable change from its mean
change during the forecast period, i.e.

n

where lli = Yt - Yt'+ t!.t is the change in the forecast variable during the forecast period At, and A is the corresponding mean change.
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10.2

Criteria for evaluating the effectiveness and reliability
of the forecasting methad

The reliability of the forecasting method depends on the coefficients d
and d6 • The closer these coefficients are to unity, the greater will be the
y
accuracy and reliability of the methad. Considering probable errors of the variables Sf a I and 0.6.1 the following lower limit for the statistical effectiveness
of the for~casting method can be given:

(0)

Where the number of observations is n ~ 20, d ~O.5;

(b)

Where the number of observations is n <20, the requirements

on the value of d are more strict.

10.3

Evaluation of the degree of sUccess of operational forecasts

Here the main problem is the calculation of errors in each individual Forecast. This is important in order to compile a sample of statistical data for
checking previous evaluations of the accuracy and effectiveness of the forecasting
method. This evaluation of effectiveness is virtually indispensable when the method
is developed on the basis .of a short series of observations. Strictly speaking,
statistical determination of the effectiveness of an individual forecast is impos~
sible, as the forecasting method itself can indicate only the confidence illterval
within which the variable is expected to appear with a certain degree of probability. Even if the forecast is issued in the form of a confidence interval, not
covering the entire range of the possible values of the variable, we are still
unable to solve conclusively the problem or its verification. Indeed, if we antici-

pate with probability p that the variable y will be contained within the interval
between Yl and Y2' we also know that the probability that it may fall outside the
range of this interval is q

= I-p.

The formula generally used for computation of tolerable error in the
individual forecast is:
cr tolerable

= + 0.674cr

or

Experience shows that the forecasting procedure is acceptable for practical
application if 80 per cent of all forecastsJhave errors smaller than cr t 1
o era bl'
e
10.4

Forms in which forecasts qreissued

The correct presentation o~hydrological forecasts is of great importance
for their use and practical evaluation of their effectiveness. Being stochastic by
its nature, any forecast should contain an indication of the probability of errors

- 122 tif various magnitudes.

This may be expressed technically in three ways:

(0)

In the form of the mean value of the forecast variable,
with an indication of the error of a given probability;

(b)

In the form of a confidence interval within which the
forecast variable is anticipated with a given degree
of probability;

(c)

In the form of a cumulative probability distribution
function from which the probability of exceedance of
various values of the forecast variable can be found.

If there is sufficient justification for doing so/ the forecast may be
in the form of a number of confidence intervals of different probability,
or in the form of conditional cumulative distribution function (Figure 10.4.1).
presen~ed

5

km

12
10
8
'H
'H
0

~

'"
"'"

r:;

4

~

'ri

m

2

\

\

\

\.7.,

"\

""-

"-

"-

"'i,
,

0 20 40 60 80 100'/0
Probability of exceedance- value
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In this figure, the absolute (non-conditional) -distriblltion function is formed
by observed data and should be used when an appropriate forecast technique is not
ovailMble. The conditional distribution function is formed by the forecast values
thus taking into. account the accuracy of the relationship used in forecasting. The

more accurate is the relationship, the flatter is the curve depicting the distribution
of forecast values and the more effective is the forecasting procedure.
As a rule,. the form o-f the pre$entotion of th.€ forecast is adapted according
to the userrs requirements and the specific practical needs.
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